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ABSTRACT OF THE DISSERTATION 
 
Metabolic Physiology of Healthy and Bleached Corals 
 
by 
 
Lauren Linsmayer 
 
Doctor of Philosophy in Marine Biology 
 
University of California, San Diego, 2018 
 
Professor Martin Tresguerres, Chair 
 
Coral reef productivity is based upon the relationship between the coral host and 
its symbiotic dinoflagellate. While it is well known that the photosynthetic symbionts are 
metabolically significant to the host, very little is known about host metabolism. 
Metabolism is central to sustaining energy-consuming physiological processes such as 
calcification, growth, and reproduction. Availability of oxygen (O2) to cells/tissues 
determines the balance of aerobic (oxygen-requiring) and anaerobic (oxygen-
  
xvii 
independent) metabolic pathways, which have different energy yields. The main 
objectives of this work were to characterize the aerobic and anaerobic metabolism of the 
coral host during diel (daily) cycles and during coral bleaching (as an oxygen-stressed 
state to the host). In Chapter 2, I measured the diel O2 concentrations of coral tissues and 
found that corals are hyperoxic during the day and near-hypoxic throughout the night.  
Using enzyme assays, I found that the aerobic and anaerobic metabolic capacities of the 
host are mostly unchanged between day and night, while the concentrations of anaerobic 
end-products fluctuate significantly. Using analytical chemistry techniques, I provide the 
first definitive evidence that corals produce the anaerobic end-products strombine and 
alanopine.  In Chapters 3 and 4, I found that coral bleaching in several different species 
creates a common situation of constant hypoxia in host tissues regardless of how 
bleaching was induced (thermal or menthol treatment). However, bleaching alters aerobic 
and anaerobic metabolism of the host in a species-specific manner. I hypothesize that the 
ability of some coral species to up-regulate anaerobic metabolism during bleaching could 
confer higher survival rates than merely undergoing reductions in aerobic metabolism. 
Finally, in Chapter 5, I examine broad-scale changes in daily coral metabolism using 
untargeted proteomics and metabolomics. My findings suggest that changes in daily coral 
metabolism are regulated on the metabolite-level as opposed to changes in protein 
amount. Together, this research helps us better understand basic coral energy metabolism 
under healthy and stressed states, which is useful both in building a mechanistic 
understanding of coral energy budgets, as well as in understanding how corals might fare 
in the face of increasing frequency of bleaching events. 
  
1 
CHAPTER 1: General Introduction 
 
Coral reefs are known as the “rainforests of the sea,” being one of the most 
biodiverse ecosystems on the planet. Reefs provide direct and indirect economic benefits 
to millions of coastal inhabitants, contributing billions of dollars annually to the global 
economy associated with food, tourism, and ecosystem services (Burke, Reytar, Spalding, 
& Perry, 2011). Coral reef tourism alone is estimated to be worth $36 billion annually 
(Spalding et al., 2017). However, corals are sensitive to environmental perturbances, such 
as elevated nutrients, temperature fluctuations, sedimentation, and salinity changes. Due 
to anthropogenic climate change, coastal development and pollution, overfishing, and 
destructive tourism, it is estimated that nearly two-thirds of the world’s coral reefs have 
been degraded since the early 1980s (Bruno & Selig, 2007). It is becoming increasingly 
important to predict how coral reefs will fare in a changing marine environment; 
however, it is essential to first elucidate basic aspects coral biology, such as mechanisms 
underlying corals’ response to daily changes in environmental conditions.  
Shallow-water, tropical coral reefs are constructed by colonial, diploblastic (two 
tissue layers) scleractinian (reef-building) coral animals (phylum: Cnidaria) that contain 
photosynthetic endosymbiotic dinoflagellates (genus: Symbiodinium) in their 
gastrodermal cells (reviewed in (Tresguerres et al., 2017). Symbiodinium are 
metabolically significant to corals, providing them with an autotrophic source of carbon 
(in the form of glucose and glycerol) that can satisfy the majority of the corals’ energy 
needs (Muscatine 1990), in addition to providing the coral host with amino acids and a 
photosynthetic supply oxygen (O2). Corals use the byproducts of Symbiodinium 
  
2 
photosynthesis to secrete a calcium carbonate skeleton (for a review of calcification, see 
(Gattuso, Allemand, & Frankignoulle, 1999). In return, corals provide a home and a 
steady supply of carbon dioxide (CO2) and waste products (i.e. inorganic nitrogen) for 
Symbiodinium photosynthesis. This tight nutrient exchange between host and symbiont 
cells allows corals to live in otherwise oligotrophic (nutrient-poor) waters and is the basis 
for the productivity of coral reefs.  
The seawater surrounding coral reefs experiences dynamic temporal and spatial 
gradients in pH, temperature, light, and water velocity. Some of the biggest changes 
observed on reefs are diel (daily) fluctuations in carbonate chemistry (including pH) and 
dissolved oxygen (Albright, Langdon, & Anthony, 2013; Hofmann et al., 2011; Yates, 
Dufore, Smiley, Jackson, & Halley, 2007) and are driven by cycles of net reef production 
and consumption. Diel O2 concentrations in the water overlying coral reefs can be 
dramatic, ranging from two and a half times air saturation during the day due to 
photosynthetic activity, to less than half saturation at night from net respiration (Ohde & 
van Woesik, 1999). It is important to distinguish between changes occurring in the 
surrounding seawater (bulk water) and those occurring within the diffusive boundary 
layer (DBL) around the coral, which is the corals’ microenvironment (Patterson, Sebens, 
& Olson, 2003). While solute concentrations in the bulk seawater surrounding corals may 
be driven by coral physiology and therefore indicative of trends occurring within their 
tissues, fluctuations occurring within coral tissues can be much more extreme. The 
thickness of the DBL is influenced both by water flow and changes in the concentration 
of solutes (i.e. O2 and CO2 from coral photosynthesis and respiration, respectively) and is 
on the scale of microns (µm) to millimeters (mm) thick. Studies have shown that the DBL 
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impedes delivery of O2 to coral tissues (Dennison & Barnes, 1988; Patterson & Sebens, 
1989), and thus the photosynthetic supply of O2 from Symbiodinium is very important for 
overcoming diffusional O2 limitation (Patterson & Sebens, 1989). The dynamics in the 
coral DBL have been shown to fluctuate from hyperoxia during the day to hypoxia at 
night (Colombo-Pallotta, Rodríguez-Román, & Iglesias-Prieto, 2010; Kühl, Cohen, 
Dalsgaard, Jergensen, & Revsbech, 1995; Wijgerde, Silva, Scherders, van Bleijswijk, & 
Osinga, 2014); however, the variability and extent to which corals experience hyperoxia 
and hypoxia throughout day and night has yet to be determined. The first goal of my 
doctoral research was to characterize the diel O2 variability immediately surrounding 
coral tissues, which is presented in Chapter 2 of this dissertation.  
To date, most studies of O2 conditions in coral tissues have centered on negative 
consequences of hyperoxia, i.e. inhibition of photosynthesis (Black, Burris, & Everson, 
1976; Downton, Bishop, Larkum, & Osmond, 1976), or potential oxygen toxicity in the 
host cells (D'Aoust, White, Wells, & Olsen, 1976; Dykens & Shick, 1982; Shick & 
Dykens, 1985) and/or symbionts (Lesser & Shick, 1990) from an excess of reactive 
oxygen species (ROS). There is a paucity of studies on the consequences of reduced O2 
concentrations in coral tissues, which is important because the availability of O2 to 
organisms’ cells and tissues affects the balance of aerobic and anaerobic energy 
production.  
Under aerobic conditions, eukaryotic cells oxidize glucose to make the cell’s main 
energy “currency,” adenosine triphosphate (ATP). The complete aerobic oxidation of 1 
mole of glucose has the highest yield of ATP, at 38 moles. When O2 availability is 
restricted, such as during environmental or functional hypoxia, oxidative pathways 
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decrease, and anaerobic metabolism is typically up-regulated. The incomplete anaerobic 
breakdown of glucose results in a drastically lower ATP yield of only ~3-7 moles of ATP 
per mole of glucose partially oxidized (reviewed in (Grieshaber, Hardewig, Kreutzer, & 
Pörtner, 1994). In vertebrates, anaerobic fermentation commonly produces the compound 
lactate, while marine invertebrates have evolved a number of alternative fermentative 
end-products, based on the reductive condensation of pyruvate from glycolysis with an 
amino acid to form an imino acid derivative (called an opine), following the general 
reaction:   
 
pyruvate + amino acid + NADH + H+ ! opine + H2O + NAD+  
 
The type of opine compound produced is related to the availability of free amino 
acids. For example, when arginine is abundant, the condensation reaction produces 
octopine, while alanine forms alanopine, and glycine forms strombine.  Octopine has 
mostly been found in active muscle tissues of marine invertebrates, such as squid 
(Grieshaber & Gäde, 1976) and alanopine and strombine are produced by more sessile 
organisms, including an oyster (Eberlee, Storey, & Storey, 1983), lugworm (Siegmund, 
Grieshaber, Reitze, & Zebe, 1985), mussel Mytilus edulis (de Zwaan, de Bont, Zurburg, 
Bayne, & Livingstone, 1983), and gastropod Strombus gigas (Sangster, Thomas, & 
Tingling, 2016). Recently, activities of strombine dehydrogenase and alanopine 
dehydrogenase were detected in corals (Murphy & Richmond, 2016); however, these 
enzymes often mimic each other in vitro (Ellington, 1979; Grieshaber et al., 1994; K. B. 
Storey, Miller, Plaxton, & Storey, 1982), so a definitive characterization of corals’ 
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anaerobic pathway(s) requires the identification of a fermentative end product(s). In 
Chapter 2 of this dissertation, I use analytical chemistry methods to determine the 
opine(s) corals produce and quantified their relative abundance over diel cycles.  
In addition to studies showing hypoxia occurs in coral tissues in the dark, reduced 
O2 saturation likely also occurs during stressful conditions that reduce the abundance of 
symbiotic algae inhabiting coral tissues, such as during coral bleaching.  Coral bleaching 
is the loss of coral tissue pigmentation due to the expulsion of Symbiodinium en masse, 
reductions in concentrations of the main Symbiodinium photosynthetic pigment 
(chlorophyll a), or both. The most common causes of bleaching are elevated seawater 
temperatures and ultraviolet (UV) solar radiation, which can either act alone (e.g. 
(Gleason & Wellington, 1993; Jokiel & Coles, 1990)) or synergistically (Coles & Jokiel, 
1978; Lesser, Stochaj, Tapley, & Shick, 1990). Mass coral bleaching events are 
becoming more frequent, and 2015-2016 saw the third global mass bleaching event on 
record, due to higher than average sea surface temperatures (Hughes et al., 2017). As 
bleaching events are predicted to increase in frequency and severity due to ocean 
warming, more than 90% of global reefs may be at risk of long-term degradation by the 
end of this century (Grottoli et al., 2014).  Coral bleaching causes reduced host fitness, 
and can lead to reduced growth rates and fecundity, increased susceptibility to disease, 
and occasionally, mass coral mortality events (Coles & Brown, 2003; Rosenberg, Koren, 
Reshef, Efrony, & Zilber-Rosenberg, 2007). 
In Chapter 3, I examine the link between coral bleaching and endogenous 
hypoxia by measuring O2 concentrations on coral tissues during the course of thermal 
bleaching and study the consequences of bleaching to corals’ aerobic and anaerobic 
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metabolic capacity. I hypothesize that the ability of some coral individuals or species to 
up-regulate anaerobic metabolism during the O2-limited condition of coral bleaching 
could confer higher survival rates than those individuals or species that merely undergo 
reductions in aerobic metabolism during bleaching. The capacity to generate energy using 
anaerobic metabolic pathways might be especially important to determining which coral 
species are more sensitive to mass bleaching events, which are more resistant, and which 
are most likely to recover following a bleaching event. 
There is significant evidence that bleaching is initiated by the overproduction of 
reactive oxygen species (ROS) by the host, symbiont, or both, causing a cascade of 
cellular events leading to the eventual expulsion of the algae (reviewed in (Weis, 2008). 
ROS are damaging to cells, causing oxidation of membranes, denaturation of protein, and 
damage to nucleic acids (i.e. DNA) (Lesser, 2006). However, the molecular and cellular 
events leading to the expulsion of Symbiodinium are not well understood. As studies of 
coral bleaching increase, it is increasingly valuable to find a way to study coral bleaching 
in a laboratory setting; however, “natural” bleaching through elevated temperature or UV 
radiation can take weeks to occur. It was recently discovered that putting symbiotic 
cnidarians in a seawater-menthol solution causes bleaching within days (Wang, Chen, 
Tew, Meng, & Chen, 2012). As more studies utilize this rapid form of bleaching, there is 
a need of understanding the physiological relevance of this unnatural form of bleaching.  
In Chapter 4, I study the effects of menthol bleaching on the metabolism of the host and 
compare the effects to those from thermal bleaching (Chapter 3).  
Finally, as “–omics” tools for studying biology (transcriptomics, proteomics, 
metabolomics) rapidly develop, studies utilizing these methods may help reveal some of 
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the unknown cellular mechanisms in corals. There have already been some applications 
of proteomics and metabolomics studies in corals that have focused on aspects of the 
symbiosis between coral and Symbiodinium (Gordon & Leggatt, 2010; Meyer & Weis, 
2012) or coral proteins involved in calcification (Drake et al., 2013). In addition, the 
number of studies of coral gene expression changes in response to environmental stresses 
has been growing as sequencing tools become cheaper, but there is a need to link gene 
expression data to phenotype. In Chapter 5, I apply proteomic and metabolomic 
techniques to the study of diel changes in coral metabolism.  
A theme throughout this dissertation is the species-specific differences in coral 
physiology. Corals can broadly be split into two phylogenetic clades (Robust and 
Complex) that are believed to have diverged from each other around 300-450 million 
years ago (Romano & Palumbi, 1996; Stolarski et al., 2011), leading to the high levels of 
genetic diversity in modern corals. While the application of molecular phylogenetic tools 
has helped estimate there are approximately 1400 species of stony corals worldwide, 
many aspects of coral evolution are unclear (Kitahara, Cairns, Stolarski, Blair, & Miller, 
2010).  Robust corals (e.g., Stylophora, Pocillopora, Orbicella) generally have more 
heavily calcified skeletons while complex corals (e.g., Acropora, Porites, Siderastrea) 
tend to have a more porous skeleton, which may be explained by different calcification 
mechanisms (for a review, see (Tresguerres et al., 2017). Given the robust and complex 
clades have had hundreds of millions of years of genetic divergence, there may be clade-
specific or species-specific differences in coral responses to environmental stresses, and 
Chapters 2, 3, and 4 of this dissertation explore species-specific differences in the 
metabolic physiology of healthy and stressed corals.  
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Dissertation Objectives: The overall objectives of this dissertation are to provide 
conclusive evidence for an anaerobic metabolic pathway in corals and examine the roles 
of anaerobic and aerobic energy production in healthy and bleached corals.  Knowing 
how corals make energy during “normal” and stressed states, and characterizing 
differences between coral species, will be critical for developing a deeper mechanistic 
understanding of corals’ response to environmental stress, which will be essential for 
developing more informed coral reef conservation strategies.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
9 
References 
 
Albright, R., Langdon, C., & Anthony, K. R. N. (2013). Dynamics of seawater carbonate 
chemistry, production, and calcification of a coral reef flat, central Great Barrier Reef. 
Biogeosciences, 10(10), 6747–6758. http://doi.org/10.5194/bg-10-6747-2013 
 
Black, C. C., Burris, J. E., & Everson, R. G. (1976). Influence of Oxygen Concentration 
on Photosynthesis in Marine Plants. Australian Journal of Plant Physiology, 3(1), 81. 
http://doi.org/10.1071/PP9760081 
 
Bruno, J. F., & Selig, E. R. (2007). Regional Decline of Coral Cover in the Indo-Pacific: 
Timing, Extent, and Subregional Comparisons. PLoS ONE, 2(8), e711. 
http://doi.org/10.1371/journal.pone.0000711 
 
Burke, L., Reytar, K., Spalding, M., & Perry, A. (2011). Reefs at Risk Revisited. World 
Resources Institute, 1–130. 
 
Coles, S. L., & Brown, B. E. (2003). Coral bleaching--capacity for acclimatization and 
adaptation. Advances in Marine Biology, 46, 183–223. 
 
Coles, S. L., & Jokiel, P. L. (1978). Synergistic effects of temperature, salinity and light 
on the hermatypic coral Montipora verrucosa. Marine Biology, 49, 187–195. 
 
Colombo-Pallotta, M. F., Rodríguez-Román, A., & Iglesias-Prieto, R. (2010). 
Calcification in bleached and unbleached Montastraea faveolata: evaluating the role 
of oxygen and glycerol. Coral Reefs, 29(4), 899–907. http://doi.org/10.1007/s00338-
010-0638-x 
 
D'Aoust, B. G., White, R., Wells, J. M., & Olsen, D. A. (1976). Coral-algal associations: 
capacity for producing and sustaining elevated oxygen tensions in situ. Undersea 
Biomedical Research, 3(1), 35–40. 
 
de Zwaan, A., de Bont, A. M. T., Zurburg, W., Bayne, B. L., & Livingstone, D. R. (1983). 
On the role of strombine formation in the energy metabolism of adductor muscle of a 
sessile bivalve. Journal of Comparative Physiology, 149(4), 557–563. 
http://doi.org/10.1007/BF00690015 
 
Dennison, W. C., & Barnes, D. J. (1988). Effect of water motion on coral photosynthesis 
and calcification. Journal of Experimental Marine Biology and Ecology, 115(1), 67–
77. http://doi.org/10.1016/0022-0981(88)90190-6 
 
Downton, W., Bishop, D. G., Larkum, A., & Osmond, C. B. (1976). Oxygen Inhibition of 
Photosynthetic Oxygen Evolution in Marine Plants. Australian Journal of Plant 
Physiology, 3(1), 73. http://doi.org/10.1071/PP9760073 
 
Drake, J. L., Mass, T., Haramaty, L., Zelzion, E., Bhattacharya, D., & Falkowski, P. G. 
  
10 
(2013). Proteomic analysis of skeletal organic matrix from the stony coral Stylophora 
pistillata. Proceedings of the National Academy of Sciences of the United States of 
America, 110(10), 3788–3793. http://doi.org/10.1073/pnas.1301419110 
 
Dykens, J. A., & Shick, J. M. (1982). Oxygen production by endosymbiotic algae 
controls superoxide dismutase activity in their animal host. Nature, 297(5867), 579–
580. http://doi.org/10.1038/297579a0 
 
Eberlee, J. C., Storey, J. M., & Storey, K. B. (1983). Anaerobiosis, recovery from anoxia, 
and the role of strombine and alanopine in the oyster Crassostrea virginica. Canadian 
Journal of Zoology, 61(12), 2682–2687. http://doi.org/10.1139/z83-353 
 
Ellington, W. R. (1979). Evidence for a broadly-specific, amino acid requiring 
dehydrogenase at the pyruvate branchpoint in sea anemones. Journal of Experimental 
Zoology, 209(1), 151–159. http://doi.org/10.1002/jez.1402090118 
 
Gattuso, J.-P., Allemand, D., & Frankignoulle, M. (1999). Photosynthesis and 
Calcification at Cellular, Organismal and Community Levels in Coral Reefs: A 
Review on Interactions and Control by Carbonate Chemistry. American Zoologist, 
39(1), 160–183. http://doi.org/10.1093/icb/39.1.160 
 
Gleason, D. F., & Wellington, G. M. (1993). Ultraviolet radiation and coral bleaching. 
Nature, 365(6449), 836–838. http://doi.org/10.1038/365836a0 
 
Gordon, B. R., & Leggatt, W. (2010). Symbiodinium-invertebrate symbioses and the role 
of metabolomics. Marine Drugs, 8(10), 2546–2568. 
http://doi.org/10.3390/md8102546 
 
Grieshaber, M. K., Hardewig, I., Kreutzer, U., & Pörtner, H.-O. (1994). Physiological 
and metabolic responses to hypoxia in invertebrates. Reviews of Physiolology, 
Biochemistry & Pharmacology, 125, 43–147. 
 
Grieshaber, M., & Gäde, G. (1976). The biological role of octopine in the squid, Loligo 
vulgaris (Lamarck). Journal of Comparative Physiology B, 108(3), 225–232. 
http://doi.org/10.1007/BF00691671 
 
Grottoli, A. G., Warner, M. E., Levas, S. J., Aschaffenburg, M. D., Schoepf, V., 
McGinley, M., Baumann, J., Matsul, Y. (2014). The cumulative impact of annual 
coral bleaching can turn some coral species winners into losers. Global Change 
Biology, 20(12), 3823–3833. http://doi.org/10.1111/gcb.12658 
 
Hofmann, G. E., Smith, J. E., Johnson, K. S., Send, U., Levin, L. A., Micheli, F., Paytan, 
A, Price, N.N., Peterson, B., Takeshita, Y., Matson, P.G., Crook, E.D., Kroeker, K.J., 
Gambi, M.C., Rivest, E.B., Frieder, C.A., Yu, P.C., Martz, T.R. (2011). High-
Frequency Dynamics of Ocean pH: A Multi-Ecosystem Comparison. PLoS ONE, 
6(12), e28983–11. http://doi.org/10.1371/journal.pone.0028983 
  
11 
 
Hughes, T. P., Kerry, J. T., Álvarez-Noriega, M., Álvarez-Romero, J. G., Anderson, K. 
D., Baird, A. H.,  Babcock, R. C., Beger, M., Bellwood, D. R., Berkelmans, R., 
Bridge, T. C.,  Butler, I. R., Byrne, M., Cantin, N. E., Comeau, S. Connolly, S. R., 
Cumming, G. S., Dalton, S. J., Diaz-Pulido, G., Eakin, C. M., Figueira, W.F., 
Gilmour, J. P., Harrison, H. B., Heron, S. F., Hoey, A. S., Hobbs, J-P. A., 
Hoogenboom, M. O., Kennedy, E. V., Kuo, C.-y., Lough, J. M., Lowe, R. J., Liu, G., 
McCulloch, M. T., Malcolm, H. A., McWilliam, M. J., Pandolfi, J. M., Pears, R. J., 
Pratchett, M. S., Schoepf, V., Simpson, T., Skirving, W. J., Sommer, B., Torda, G., 
Wachenfeld, D. R., Willis, B. L., Wilson, S. K. (2017). Global warming and 
recurrent mass bleaching of corals. Nature, 543(7645), 373–377. 
http://doi.org/10.1038/nature21707 
 
Jokiel, P. L., & Coles, S. L. (1990). Response of Hawaiian and other Indo-Pacific reef 
corals to elevated temperature. Coral Reefs, 8(4), 155–162. 
http://doi.org/10.1007/BF00265006 
 
Kitahara, M. V., Cairns, S. D., Stolarski, J., Blair, D., & Miller, D. J. (2010). A 
comprehensive phylogenetic analysis of the Scleractinia (Cnidaria, Anthozoa) based 
on mitochondrial CO1 sequence data. PLoS ONE, 5(7), e11490. 
http://doi.org/10.1371/journal.pone.0011490 
 
Kühl, M., Cohen, Y., Dalsgaard, T., Jergensen, B. B., & Revsbech, N. P. (1995). 
Microenvironment and photosynthesis of zooxanthellae in scleractinian corals 
studied with microsensors for O2, pH and light. Marine Ecology Progress Series, 117, 
159–172. 
 
Lesser, M. P. (2006). Oxidative Stress in Marine Environments: Biochemistry and 
Physiological Ecology. Annual Review of Physiology, 68(1), 253–278. 
http://doi.org/10.1146/annurev.physiol.68.040104.110001 
 
Lesser, M. P., & Shick, J. M. (1990). Photoadaption and defenses against oxygen toxicity 
in zooxanthellae from natural populations of symbiotic cnidarians. Journal of 
Experimental Marine Biology and Ecology, 134(2), 129–141. 
http://doi.org/10.1016/0022-0981(90)90105-L 
 
Lesser, M. P., Stochaj, W. R., Tapley, D. W., & Shick, J. M. (1990). Bleaching in coral 
reef anthozoans: effects of irradiance, ultraviolet radiation, and temperature on the 
activities of protective enzymes against active oxygen. Coral Reefs, 8(4), 225–232. 
http://doi.org/10.1007/BF00265015 
 
Meyer, E., & Weis, V. M. (2012). Study of cnidarian-algal symbiosis in the “omics” age. 
The Biological Bulletin, 223(1), 44–65. http://doi.org/10.1086/BBLv223n1p44 
 
Murphy, J. W. A., & Richmond, R. H. (2016). Changes to coral health and metabolic 
activity under oxygen deprivation. PeerJ, 4(2), e1956–16. 
  
12 
http://doi.org/10.7717/peerj.1956 
 
Ohde, S., & van Woesik, R. (1999). Carbon dioxide flux and metabolic processes of a 
coral reef, Okinawa. Bulletin of Marine Science, 65(2), 559–576. 
 
Patterson, M. R., & Sebens, K. P. (1989). Forced convection modulates gas exchange in 
cnidarians. Proceedings of the National Academy of Sciences, 86(22), 8833–8836. 
 
Patterson, M. R., Sebens, K. P., & Olson, R. R. (2003). In situ measurements of flow 
effects on primary production and dark respiration in reef corals. Limnology and 
Oceanography, 36(5), 936–948. http://doi.org/10.4319/lo.1991.36.5.0936 
 
Romano, S. L., & Palumbi, S. R. (1996). Evolution of Scleractinian Corals Inferred from 
Molecular Systematics. Science, 271(5249), 640–642. 
http://doi.org/10.1126/science.271.5249.640 
 
Rosenberg, E., Koren, O., Reshef, L., Efrony, R., & Zilber-Rosenberg, I. (2007). The role 
of microorganisms in coral health, disease and evolution. Nature Reviews. 
Microbiology, 5(5), 355–362. http://doi.org/10.1038/nrmicro1635 
 
Sangster, A. W., Thomas, S. E., & Tingling, N. L. (2016). Fish attractants from marine 
invertebrates: Arcamine from Arca Zebra and strombine from Strombus Gigas. 
Chemischer Informationsdienst, 6(28), no–no. http://doi.org/10.1002/chin.197528470 
 
Shick, J. M., & Dykens, J. A. (1985). Oxygen detoxification in algal-invertebrate 
symbioses from the Great Barrier Reef. Oecologia, 66(1), 33–41. 
http://doi.org/10.1007/BF00378549 
 
Siegmund, B., Grieshaber, M., Reitze, M., & Zebe, E. (1985). Alanopine and strombine 
are end products of anaerobic glycolysis in the lugworm, Arenicola marina L. 
(Annelida, polychaeta). Comparative Biochemistry and Physiology Part B: 
Comparative Biochemistry, 82(2), 337–345. http://doi.org/10.1016/0305-
0491(85)90251-2 
 
Spalding, M., Burke, L., Wood, S. A., Ashpole, J., Hutchison, J., & zu Ermgassen, P. 
(2017). Mapping the global value and distribution of coral reef tourism. Marine 
Policy, 82, 104–113. http://doi.org/10.1016/j.marpol.2017.05.014 
 
Stolarski, J., Kitahara, M. V., Miller, D. J., Cairns, S. D., Mazur, M., & Meibom, A. 
(2011). The ancient evolutionary origins of Scleractinia revealed by azooxanthellate 
corals. BMC Evolutionary Biology, 11(1), 316. http://doi.org/10.1186/1471-2148-11-
316 
 
Storey, K. B., Miller, D. C., Plaxton, W. C., & Storey, J. M. (1982). Gas-liquid 
chromatography and enzymatic determination of alanopine and strombine in tissues 
of marine invertebrates. Analytical Biochemistry, 125(1), 50–58. 
  
13 
 
Tresguerres, M., Barott, K. L., Barron, M. E., Deheyn, D. D., Kline, D. I., & Linsmayer, 
L. B. (2017). Cell Biology of Reef-Building Corals: Ion Transport, Acid/Base 
Regulation, and Energy Metabolism. In Acid-Base Balance and Nitrogen Excretion 
in Invertebrates (2nd ed., Vol. 31, pp. 193–218). Cham: Springer International 
Publishing. http://doi.org/10.1007/978-3-319-39617-0_7 
 
Wang, J.-T., Chen, Y.-Y., Tew, K. S., Meng, P.-J., & Chen, C. A. (2012). Physiological 
and Biochemical Performances of Menthol-Induced Aposymbiotic Corals. PLoS 
ONE, 7(9), e46406–9. http://doi.org/10.1371/journal.pone.0046406 
 
Weis, V. M. (2008). Cellular mechanisms of Cnidarian bleaching: stress causes the 
collapse of symbiosis. The Journal of Experimental Biology, 211(Pt 19), 3059–3066. 
http://doi.org/10.1242/jeb.009597 
 
Wijgerde, T., Silva, C. I. F., Scherders, V., van Bleijswijk, J., & Osinga, R. (2014). Coral 
calcification under daily oxygen saturation and pH dynamics reveals the important 
role of oxygen. Biology Open, 3(6), 489–493. http://doi.org/10.1242/bio.20147922 
 
Yates, K. K., Dufore, C., Smiley, N., Jackson, C., & Halley, R. B. (2007). Diurnal 
variation of oxygen and carbonate system parameters in Tampa Bay and Florida Bay. 
Marine Chemistry, 104(1-2), 110–124. 
http://doi.org/10.1016/j.marchem.2006.12.008 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
14 
 
CHAPTER 2: The Dynamic Oxygen Microenvironment of Corals: Identification of 
Strombine as a Main End Product of Anaerobic Metabolism 
 
Abstract 
Coral reefs are declining globally, as seen in the third global mass bleaching event 
that occurred in 2015-2016, yet coral cellular metabolism remains poorly understood and 
is essential for understanding their response to environmental stress. Corals routinely 
experience large diel fluctuations in light and O2, which likely have major impacts on 
their cellular physiology and metabolism. During the day, light-driven photosynthesis by 
the corals’ endosymbionts creates hyperoxic conditions in coral tissue and supplies 
carbohydrates and O2, which are respired for energy production. At night, net holobiont 
respiration creates hypoxic conditions in coral tissues and the surrounding 
microenvironment with unknown impacts on host aerobic and anaerobic metabolism. To 
better understand the dynamic O2 microenvironment in corals and the impacts on their 
metabolism, we measured O2 concentrations on the surface of laboratory-reared 
Acropora yongei throughout day-night cycles and found that they experience average 
conditions of hyperoxia during the day and near-hypoxia at night. Furthermore, we found 
high temporal variability in O2 levels on coral tissues even under stable light and dark 
conditions during day and night, with nightly episodes of anoxia. Using highly sensitive 
liquid chromatography tandem-mass spectrometry (LC-MS/MS) platforms with authentic 
standards, we identified the compound strombine as a major end product of anaerobic 
glycolysis in corals. There were baseline levels of strombine at all time points, and 
significantly higher levels in the first 3 hours of the day and the first three hours of the 
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night, indicating higher rates of anaerobic metabolism at the beginning of the day and 
beginning of the night. Enzyme activity measurements of citrate synthase (CS), malate 
dehydrogenase (MDH), and strombine dehydrogenase (SDH) revealed a large capacity 
for aerobic energy metabolism during both the day and the night. When we measured 
enzyme activities in A. cervicornis collected from Bocas del Toro, Panama that we 
thermally bleached, we found that bleached corals had significantly reduced CS activity 
but unchanged SDH and MDH activities compared to unbleached controls. This finding 
suggests that coral bleaching increases the reliance on anaerobic energy production. This 
study provides the first definitive evidence of an anaerobic energy pathway in corals and 
suggests it plays a secondary role in energy production to aerobic pathways during 
“normal” conditions. However, bleached A. cervicornis seem to rely more heavily on 
anaerobic energy metabolism, which suggests that anaerobic respiration may be a 
mechanism for survival following coral bleaching which could have important 
implications for our understanding of coral cellular physiological response to bleaching.  
 
Introduction 
O2 concentrations in the bulk seawater overlying coral reefs fluctuate from 
supersaturation during the day to below saturation at night due to the balance between net 
photosynthesis and net respiration by the coral holobiont and associated reef organisms 
(Ohde & van Woesik, 1999; Ruiz-Jones & Palumbi, 2017; J. E. Smith, Price, Nelson, & 
Haas, 2013). Due to the existence of a diffusive boundary layer (DBL) surrounding corals 
caused by friction, this ‘microenvironment’ surrounding corals experiences even more 
dramatic fluctuations in O2 concentrations in the light and dark than the surrounding 
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seawater (Gardella & Edmunds, 1999; Kühl, Cohen, Dalsgaard, Jergensen, & Revsbech, 
1995; Shashar, Cohen, & Loya, 1993). High rates of net photosynthesis by Symbiodinium 
(corals’ endosymbiotic dinoflagellates) create hyperoxia in the DBL of corals in the light, 
and net “holobiont” respiration in the dark causes hypoxia/anoxia. As O2 is the main 
terminal electron acceptor in aerobic metabolism, O2 availability affects the balance 
between aerobic and anaerobic metabolic pathways utilized by coral cells and tissues. O2 
therefore has critical implications for energy metabolism, as it determines the types of 
substrates oxidized, the efficiency of energy production, and the degree of intracellular 
acidification induced (Hochachka & Somero, 2002). 
Previous reports of hypoxia in the corals’ microenvironment in the dark suggest 
that there may be an increased reliance on anaerobic metabolism at night. Furthermore, 
early studies reported that some corals can survive hypoxia in the dark for up to 6 days (C. 
M. Yonge, Yonge, & Nicholls, 1932), indicating that corals have mechanisms to tolerate 
hypoxia. However, very little is known about coral energy metabolism, the main types of 
substrates utilized by the host, and even the anaerobic metabolic pathway(s) corals 
employ. In fact, the duration and intensity of hypoxic events found in the coral DBL 
throughout the course of the night are also poorly characterized, as laboratory O2 
microsensor measurements in the coral DBL have so far been exclusively conducted over 
shorts periods of time in darkness (Gardella & Edmunds, 1999; Kühl et al., 1995; Shashar 
et al., 1993).  
Foundational knowledge about the metabolism of aquatic organisms is mainly 
based on classical enzyme activity assays and quantification of key metabolites in tissue 
homogenates (reviewed in (Hochachka & Somero, 2002)). Those studies typically 
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focused on three types of enzymes: (1) citrate synthase (CS), which catalyzes the rate-
limiting step of the tricarboxylic acid (TCA) cycle and is used as a proxy for aerobic 
metabolic capacity; (2) malate dehydrogenase (2 isoforms: cMDH and mMDH), which 
catalyzes the redox-linked interconversion of malate and oxaloacetate and is involved in 
multiple aerobic metabolic pathways (i.e. TCA cycle, malate-aspartate shuttle, 
gluconeogenesis, glyoxylate cycle); and (3) pyruvate oxidoreductases (i.e. lactate 
dehydrogenase and opine dehydrogenases) that regenerate oxidized nicotinamide adenine 
dinucleotide (NAD+) by reducing pyruvate in the last step of glycolytic fermentation. 
Together, CS and MDH activity tend to be used to represent the “aerobic capacity” of the 
cell/tissue type under investigation. The terminal pyruvate oxidoreductase enzyme(s) are 
essential for continued anaerobic glycolysis and therefore their activities can be used as 
an indication of anaerobic metabolic capacity. 
CS and MDH are present in all eukaryotic cells, and their activities have been 
reported in a few coral species (Gattuso, Yellowlees, & Lesser, 1993; Hawkins, 
Hagemeyer, Hoadley, Marsh, & Warner, 2016; Henry & Torres, 2013; Lesser, Weis, 
Patterson, & Jokiel, 1994; Rivest & Hofmann, 2014; Wang, Chen, Tew, Meng, & Chen, 
2012). However, all of these studies use coral samples exclusively taken during the day, 
and only one study (Henry & Torres, 2013) measured both CS and MDH activities, 
which was on the Antarctic azooxanthellate coral Flabellum impensum.  
All vertebrate and some invertebrate animals use lactate dehydrogenase (LDH) as 
the terminal pyruvate oxidoreductase, producing lactate as the end product of 
fermentation through the lactate dehydrogenase-catalyzed conversion of pyruvate to 
lactate. However, many invertebrates use functionally analogous ‘opine’ dehydrogenases 
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that regenerate NAD+ while condensing pyruvate with an amino acid, forming an imino 
acid end product. For example, octopine dehydrogenase (ODH), strombine 
dehydrogenase (SDH), and alanopine dehydrogenase (ADH) condense pyruvate with 
arginine, glycine, and alanine, to produce octopine, strombine, and alanopine, 
respectively (reviewed in (Hochachka & Somero, 2002; Livingstone, 1991) (see Figure 
2.13). Thus far, there have been six opine dehydrogenase sequences identified in 
invertebrates (Vázquez-Dorado, de Carlos, Comesaña, & Sanjuán, 2013). LDH, ODH, 
SDH, and ADH-like activities have been reported in cnidarians (reviewed in (Livingstone, 
1991). Specifically in corals, there is evidence for LDH-like enzyme activity in F. 
impensum (Henry & Torres, 2013) and for SDH- and ADH-like activities in the 
hermatypic reef coral Montipora capitata (which did not exhibit LDH- or ODH-like 
activities) (Murphy & Richmond, 2016). However, opine dehydrogenases are notoriously 
promiscuous in vitro (Ellington, 1979; Grieshaber, Hardewig, Kreutzer, & Pörtner, 1994; 
K. B. Storey, Miller, Plaxton, & Storey, 1982), so a definitive characterization of corals’ 
anaerobic pathway(s) requires the identification of a fermentative end product(s), namely 
lactate and/or an opine(s).  
In addition to day-night O2 concentration variability in coral tissues and on reefs, 
hypoxia/anoxia have been reported at coral-algal interaction zones (Barott et al., 2011; 
2009; Haas, Smith, Thompson, & Deheyn, 2014), under toxic algal mats (Martinez, 
Smith, & Richmond, 2012), during coral-microbial interactions (J. E. Smith et al., 2006), 
and in so-called ‘dead zones’ (Altieri et al., 2017) caused by eutrophication near coral 
reefs (Fabricius, 2011). Coral bleaching also potentially causes hypoxia in the coral DBL 
due to the loss of the endogenous supply of photosynthetic O2 and natural diffusion-
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limitation of a sessile organism (Patterson, Sebens, & Olson, 2003). Thus, hypoxia is a 
normal and recurrent condition on coral reefs, and it can additionally take place during 
pathological and environmental stress conditions, and it can affect the most essential 
aspects of coral biology ranging from energy budgets to holobiont microbiome 
composition. Knowledge about coral cellular energy metabolism, in particular anaerobic 
metabolism, is essential for building a deeper understanding of basic coral biology, which 
is necessary for building a mechanistic understanding of a corals’ response to 
environmental stress and, ultimately, the development of science-based conservation 
strategies.  
The objectives of this study were to measure the extent of hypoxia/anoxia 
experienced by coral tissues at night; to estimate changes in corals’ aerobic and anaerobic 
energy metabolic capacities throughout a day/night cycle, using activities of key enzymes 
as proxies; and to identify end product(s) of anaerobic respiration in corals. Experiments 
for these objectives were conducted under control laboratory conditions at the Hubbs 
Research Aquarium at the Scripps Institution of Oceanography (SIO) in La Jolla, 
California (USA). An additional objective was to apply the newly gained knowledge of 
daily energy metabolism in healthy corals to bleached corals, which involved field 
collections and laboratory thermal bleaching experiments at the Smithsonian Tropical 
Research Institute’s  (STRI) Caribbean field station in Bocas Del Toro, Panama.  
 
Methods 
Specimens and experimental aquarium  
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Healthy branch tips of Acropora yongei were cut (~4cm), glued to ceramic tiles, 
and allowed to recover for 6 weeks in a 75-liter tank with filtered flow-through seawater 
heated to 26°C (± 1°C) pumped from the SIO Research Pier (San Diego, CA, USA). 
Lights (10,000K super white aquarium lamps; Hamilton Technology) suspended above 
the tank were set to a 12h:12h light:dark cycle and photosynthetically active radiation 
(PAR) at the coral branch tips was ~200 µmol photons m−2 s−1.  
To create a well-mixed environment around the coral branches, seawater was 
circulated using two aquarium pumps (908 L hr-1, Hydor Koralia Nano 3.5W Aquarium 
Circulation Pumps) positioned on opposite sides of the tank, with inflowing seawater 
distributed by eight ¼” plastic tubes spaced evenly around the sides of the tank. Flow 
dynamics were visualized by seeding neutrally buoyant tracer particles and illuminating 
them in the dark using a laser sheet (Raffel, Willert, & Kompenhans 1998), which 
confirmed homogeneous and sufficient mixing throughout the tank (Figure 2.11).  
Nutrient levels in the seawater taken from off the Scripps Pier during the tank 
experiments are monitored by the Southern California Coastal Ocean Observing System 
(SCCOOS). During the diel experiment from August to September 2014 for which corals 
were sacrificed and subsequently used for enzymatic assays and LC-MS analyses, the 
average phosphate (PO43-) and total inorganic nitrogen (NO2-, NO3-, NH3) were 0.166 ± 
0.010 µM and 1.261 ± 0.104 µM (mean ± SEM), respectively.  
 
Microsensor measurements and coral sampling 
O2 concentrations on the coral tissue surface were measured using Clark-type 
microsensors (tip diameter: 100 µm; stirring sensitivity: 1.5%, 90% response time: <8 s; 
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Unisense A/S, Aarhus, Denmark) and recorded using the Unisense SensorTrace Logger 
software (recording rate of 60 s-1 during the daytime and switched to a 1 s-1 recording rate 
before the transition to darkness for enhanced detection of dynamic oxygen conditions at 
night). Microsensors were calibrated daily using fully aerated seawater and a completely 
anoxic solution (0.1 M sodium ascorbate and 0.1 M sodium hydroxide). 
The microsensor was carefully positioned on coral tissue surface using a 
manually-operated micromanipulator (Unisense A/S, Aarhus, Denmark) and observation 
under a dissection microscope (Kühl et al., 1995). Measurements were conducted on the 
coenosarc (tissue connecting the polyps) to minimize interference from polyp movement 
(Kühl et al., 1995). Due to the small diffusional distance between tissue layers of 
Acroporid corals, O2 levels at the external tissue surface accurately reflect internal O2 
levels (Kühl et al., 1995).  
O2 measurements were recorded for at least 16 hours to capture daytime and 
nighttime concentrations. A first experiment conducted in September 2014 measured diel 
O2 concentrations on four randomly chosen branches on consecutive days. On the 
following day, 6-7 coral branches were randomly sampled from the tank 1h before the 
lights turned on (6:40am), 1 hour before the lights turned off (6:40pm), and at 4 hour 
intervals in between (10:40am, 2:40pm, 10:40pm, 2:40am). Coral branches were quickly 
drip-dried to remove excess seawater and mucus, snap frozen in liquid N2, and stored at -
80°C until processed.  
In a second experiment conducted in April 2016, diel O2 concentrations were 
measured on 7 coral branches held in a similar experimental tank set-up. Simultaneous 
measurements of salinity-corrected dissolved O2 in the seawater surrounding the corals 
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were made using a field dissolved O2 probe (HACH HQ40d portable meter with a 
LDO101 rugged optical dissolved O2 probe).  
Environmental hyperoxia was defined as O2 concentrations above 100% saturated 
seawater (252 µM at 26°C, 244 µM at 28°C, 232 µM at 31°C), hypoxia as ≤ 2.0 mg O2/L 
(≤ 62.5 µM) (see (A. F. Hofmann, Peltzer, Walz, & Brewer, 2011)), and anoxia as ≤ 0.20 
mg O2/L (≤ 6.25 µM) (Gooday et al., 2009).  
 
Coral tissue homogenization 
Tissue was removed from coral skeletons by blasting air and buffer (100 mM 
Tris, pH 7.5) at frozen A. yongei branches with an airbrush (Paasche, MIL#3 Millennium 
Airbrush). Homogenates were vortexed vigorously and syringed (21 gauge) on ice to 
shear the coral mucus. Homogenates were split into aliquots, frozen in liquid N2, and 
stored at -80°C until analyzed for enzyme activities, protein content, and metabolite 
concentrations. To the aliquots designated for enzyme activity assays, cocktails were 
added to inhibit proteases (Protease Inhibitor Cocktail, Sigma, MO) and phosphatases 
(PhosSTOP, Roche).  
 
Metabolic enzyme activity assays for diel study 
Enzymatic assays for CS (E.C. 2.3.3.1), MDH (E.C. 1.1.1.37), SDH (E.C. 
1.5.1.22), ADH (E.C. 1.5.1.17), and LDH (E.C. 1.1.1.27) were performed in duplicate on 
a Spectra Max M2 microplate reader at 28oC in 96-well plates (Costar* 96-Well EIA/RIA 
plates, Corning), with final reaction volumes of 160 µL. Blanks consisting of 
homogenization buffer (100 mM Tris, pH 7.5) were run alongside samples. For 
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calculations of enzyme activities, background activity was subtracted from averages of 
the duplicates over the most linear range of the reaction. Negative controls using 
denatured coral samples (90oC for 10 min) yielded no activity.  
Preliminary experiments determined that the symbiont fraction, obtained by 
differential centrifugation and sonication, had no detectable activity of any of the 
enzymes measured. To minimize loss of enzyme activity through additional separation 
steps, subsequent assays were performed on total tissue homogenates and enzymatic 
activity was assumed to reflect that of the coral host.    
Enzymatic reactions were initiated by the addition of the assay mix to the coral 
tissue homogenate. CS, MDH, and LDH assays were run for 10 minutes and SDH and 
ADH for 30 minutes. MDH, LDH, SDH, and ADH activities were determined by 
measuring the decrease in absorbance at 340 nm, which corresponds to the oxidation of 
NADH to NAD+. The CS activity assay was monitored at 412 nm, based on the reaction 
of DTNB with CoA-SH, which is a byproduct of the reaction of oxaloacetate and acetyl-
CoA, to form TNB. 
All assays were optimized for coral tissues. The CS assay medium contained final 
concentrations of 2.0 mM MgCl2, 0.1 mM DTNB, 0.1 mM acetyl CoA, 80 mM Tris 
buffer (pH 8.0 at 20°C), and 0.5 mM oxaloacetate. MDH activity was measured 
according to methods in (Wang et al., 2012), using final concentrations of 80 mM 
imidazole-HCl buffer (pH 7.0 at 20°C), 100 mM KCl, 0.3 mM oxaloacetate, and 0.15 
mM NADH. LDH was assayed in 0.15 mM NADH, 100 mM KCl, 50 mM imidazole 
buffer (pH 7.0 at 20°C), and 1.0 mM pyruvate. Positive controls using pure L-LDH and 
fish white muscle homogenates yielded the expected activity {Somero:vt}. The SDH 
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assay was adapted from (Kan-no, Sato, Nagahisa, & Sato, 1997), with final 
concentrations of 100 mM Tris-HCl (pH 7.0 at 20°C), 100 mM glycine, 0.3 mM Na-
pyruvate, and 0.3 mM NADH. The ADH assay medium had final concentrations of 0.2 
mM NADH, 3.0 mM pyruvic acid, 200 mM alanine, and 100 mM imidazole-HCl (pH 7.0 
at 20°C), according to the methods of (Fields, Eng, Ramsden, Hochachka, & Weinstein, 
1980). 
All enzyme activities were standardized to total soluble protein concentration 
(Bio-Rad Protein Assay kit) to determine specific activity, and were expressed as nmol 
substrate converted per milligram protein per minute (nmol-1 mg protein-1 min-1). In a few 
cases, enzyme activity values were slightly negative after blank subtraction, and were 
considered as zero. 
 
Preparation of coral extracts for untargeted metabolomics and multiple reaction 
monitoring of opines  
After determining opines are highly soluble in methanol, coral metabolites were 
extracted by adding ice-cold methanol to aliquots of frozen tissue homogenates from the 
2014 diel study in a ratio of 4:1 (v/v). Extracts were sonicated on ice for 2 min and 
freeze-thawed in liquid N2 (3x), and centrifuged (13,000 g, 15 min, 4°C). The pellet 
containing proteins and insoluble materials was discarded, and the supernatant extract 
was removed and evaporated to dryness in a Rotary Evaporator (Buchi® R-210 
Rotavapor® Evaporator). Dried extracts were reconstituted in MeOH:H2O (1:1, v/v), 
vortexed, and centrifuged (13,000 g, 15 min, 4°C) to remove additional insoluble debris. 
Supernatants were stored at -80°C prior to liquid chromatography-mass spectrometry 
  
25 
(LC-MS) analyses at the Center for Mass Spectrometry at The Scripps Research Institute 
(TSRI) in La Jolla, CA, USA. 
 
Untargeted metabolomics  
Previously, (Levy et al., 2011) found that the expression of coral genes with the 
strongest diel rhythmicity peaked around midday or midnight. To explore whether coral 
metabolite expression also tends to peak around midnight or midday, or whether a 
potential time lag between transcript abundances and impacts to downstream metabolite 
expression exists, we explored changes in metabolite expression across only the middle 
and later portions of the day/night.  Thus, untargeted metabolomics were performed on 
coral holobiont extracts from four sampling times (“midday” = 2:40pm, “end-day” = 
6:40pm, “midnight” = 2:40am, “end-night” = 6:40am). 
Untargeted metabolomics were performed on a 6538 UHD Accurate-Mass 
Quadrupole Time-of-Flight (Q-TOF) LC-MS system with dual ESI technology (Agilent 
Technologies) and were first separated using a Luna NH2 column, 2.0x150 mm 
(Phenomenex). The mobile phase was composed of A = 20 mM ammonium acetate and 
40 mM ammonium hydroxide in 95% water and B = 95% acetonitrile (ACN). The linear 
gradient elution from 100% B (0–5 min) to 100% A (25–35 min) was applied (A = 95% 
H2O, B = 95% ACN, with appropriate additives). A 10 min postrun was applied to ensure 
column re-equilibration and to maintain reproducibility. The flow rate was 200 µL min-1, 
and the sample injection volume was 5 µL. The mass spectrometer was set to acquire 
over the m/z range 100–1,000 and operated in negative ion mode. Blank runs consisting 
of MeOH:H2O (1:1, v:v) were run in between each sample to guard against carryover.   
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Untargeted metabolomics data analysis 
Raw untargeted LC-MS data were uploaded and processed in XCMS Online 
(https://xcmsonline.scripps.edu), a web-based bioinformatics program for untargeted 
metabolomics data analysis, including peak (“feature”) detection, retention time 
correction, profile alignment, and isotope annotation (Tautenhahn, Patti, Rinehart, & 
Siuzdak, 2012b). Data were processed using pre-determined parameters for the 
instrument set-up (i.e. LC-Q-TOF-MS, negative ion mode).  
For ease of data analysis and interpretation, ionic features were pooled into two 
groups, “day” (n=14 samples) and “night” (n=15 samples), with “day” consisting of the 
midday and end-day time points and “night” consisting of the midnight and end-night 
time points. Pairwise statistics were performed using a Welch’s t-test for unequal 
variances to identify features with relative intensities that differed between day and night 
and calculate p-values and fold-changes.  
Features were defined as ions with a unique mass-to-charge ratio (m/z) and 
retention time (RT). Features were searched against the METLIN database 
(https://metlin.scripps.edu), the largest curated database of high-resolution tandem mass 
spectra, for putative identification of metabolites based on matching feature 
characteristics to annotated compounds (Tautenhahn et al., 2012a; Zhu et al., 2013). Total 
ion chromatograms (TICs) of the intensities of all mass spectral peaks belonging to the 
same scan were aligned using nonlinear methods for retention time drifts between 
samples. From corrected TICs, extracted ion chromatograms (EICs) were obtained for 
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individual features and used for the relative quantification of features based on the area 
under the curve.  
A “cloud plot” of the significantly dysregulated features whose intensities were 
altered between time points was created (p ≤0.01, fold change ≥1.5) (Patti et al., 2012). 
Pathway analysis was performed by mapping dysregulated features onto biochemical 
pathways using the KEGG small molecules database to obtain a list of “top predicted 
pathways” and “top predicted metabolites” (Benton et al., 2015).  
The cloud plot and tables of predicted metabolites and pathways were exported 
directly from XCMS Online, and the tables were reformatted in Microsoft Excel.  
  We built our own metabolic pathway predictions map, based on mapping the 
significant features from the end-day and end-night to known anaerobic and anaerobic 
pathways.  
 
Multiple reaction monitoring of opines over diel cycle 
Multiple Reaction Monitoring (MRM) on a highly sensitive triple quadrupole 
(QqQ) mass spectrometer is a powerful method for the determination of the molecular 
weight and chemical structure of an unknown compound by selectively dissociating a 
chosen parent ion in the first stage and monitoring a specific fragment ion (daughter ion) 
in the second stage. 
Diel-sampled coral holobiont extracts described previously and authentic opine 
standards were analyzed on a 6490 QqQ LC-MS system with iFunnel 
technology (Agilent Technologies) at The Scripps Research Institute (TSRI; San Diego, 
CA, USA). Samples and standards of R-strombine, alanopine, octopine, and nopaline 
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were separated using a Luna amino column, 2.0x150 mm (Phenomenex). The mobile 
phase consisted of A = 100 mM ammonium formate and B = 100% acetonitrile (ACN). A 
linear gradient elution from 100% B (0–1 min) to 100% A (12-16 min) was applied 
followed by a 10 min post-run to ensure column re-equilibration and to maintain 
reproducibility. The flow rate was 200 µL min-1.  
Standard curves with 100 fg, 1 pg, 10 pg, 100 pg, and 1000 pg of the authentic 
standards of strombine, alanopine, octopine, and nopaline were created prior to running 
samples and blanks. Blank runs consisting of 1:1 MeOH:H2O were run in between each 
sample to guard against carryover.  The injection volume was 5 µL. 
 Quantification of opines in the coral extracts was performed using MRM of the 
transitions of m/z 305.1 → 200 for nopaline, m/z 247.1 → 141.8 for octopine, m/z 162 → 
116 for alanopine, and m/z 148.6 → 102 for strombine.  A second set of transitions were 
used as a qualifier for confirmation, with m/z 305.1 → 70 for nopaline, m/z 247.1 → 69.9 
for octopine, m/z 162 → 69.9 for alanopine, and m/z 148.6 → 56 for strombine.  
Once MRM detected putative strombine in high levels in the coral extracts, 
additional LC-MS/MS analysis was performed to confirm the presence of strombine in A. 
yongei on a triple quadropole (QqQ) mass spectrometer (in next methods subsection). 
The QqQ offers enhanced sensitivity and specificity through first isolating on a precursor 
(parent) and then isolating a particular fragment (daughter) ion. Thus, only compounds 
with particular parent and product ions of interest are detected. The robust identification 
of putative compounds can be confirmed through comparing the MS/MS spectra and 
retention times of the targeted metabolite with authentic compounds, which is considered 
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the “gold standard” of metabolite identification (Salek, Steinbeck, Viant, Goodacre, & 
Dunn, 2013).  
Standards of R-strombine, octopine, and alanopine were graciously provided by 
Dr. W. Ross Ellington (Florida State University). S-strombine was purchased from 
AEchem Scientific Corporation (Illinois, USA). Nopaline is an opine produced in crown 
gall tumors of plants infected with bacteria of the genus Agrobacterium (Montoya, 
Chilton, Gordon, Sciaky, & Nester, 1977); it was included in the study to examine the 
possibility of opine production by coral-associated bacteria (Rohwer, Seguritan, Azam, & 
Knowlton, 2002). Nopaline was purchased from Toronto Research Chemicals (Ontario, 
Canada). LC-MS analyses confirmed that both isomers of strombine (R and S) had 
identical retention times and mass spectra. Since pure S-strombine was more readily 
available, it was used as the standard for all subsequent LC-MS analyses.  
 
LC-MS/MS at The Scripps Research Institute 
Branches of A. yongei maintained at SIO were flash frozen in liquid N2, and coral 
tissues were extracted directly in ice-cold methanol through the airbrush method. The 
same steps after homogenization to extract and concentrate the metabolites as previously 
described were performed, and the dried extract was stored at -80°C prior to LC-MS/MS 
analysis at TSRI.  
Dried sample and pure R-strombine were reconstituted in methanol prior to 
separation using a Luna Amino column (1.0x150 mm; Phenomenex) and analyzed on an 
Agilent 6538 ultra high definition (UHD) Quadrupole time-of-flight (Q-TOF) mass 
spectrometer coupled to a 1100/1200 liquid chromatography (LC) stack (Agilent). 
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The mobile phase consisted of A = 95:5 H2O:ACN (20 mM ammonium acetate, 
40 mM ammonium hydroxide) and B = 95:5 ACN:H2O. An elution gradient of 100% B 
(0-5 min) to 0% B (45-55 min) to 100% B (60 min) was applied, followed by a 9 min 
postrun to re-equilibrate the column. 8 µL of sample was injected, and the flow rate was 
50 µL min-1. The MS scan range was 70-550 m/z and the MS/MS scan range was 25-200 
m/z with a collision energy of 20 V.  
 
 LC-MS/MS confirmation of strombine in coral extracts 
To further confirm the presence of strombine in corals, additional LC-MS 
analyses were performed at The Mass Spectrometry Core Facility (UCSD). A. yongei 
branches were sampled on different occasions from the same SIO flow-through aquarium 
(~26oC) at midday and flash frozen in liquid N2. Frozen branches were homogenized in 
ice-cold 100% methanol using the airbrush method, and homogenates were subjected to a 
cycle of sonicating on ice for 2 min and freeze-thawing in liquid N2 (3x) before 
centrifuging (13,000 g, 15 min, 4°C). The supernatants containing the metabolites were 
removed and evaporated to dryness in a Rotary Evaporator. Three separate experiments 
were conducted on the coral extracts:  
In the first experiment (Experiment A), dried A. yongei extract and 100 ng pure S-
strombine were reconstituted in 100% methanol and desalted, using cotton and Celite® 
columns (Sigma-Aldrich). The Celite®-filtered sample and standard were evaporated and 
stored at -80°C prior to LC-MS analysis. In Experiment B, a coral extract in 100% 
methanol was split, and one aliquot was spiked with 100 ng of pure S-strombine, while 
nothing was added to the other. The spiked and un-spiked extracts were evaporated and 
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stored at -80°C prior to LC-MS analysis. In Experiment C, the posterior adductor muscle 
of the blue mussel (Mytilus gallprovincialis), which is known to accumulate strombine 
during aerial exposure (de Zwaan, de Bont, Zurburg, Bayne, & Livingstone, 1983), was 
used as a positive control. Adult mussels were collected from the subtidal in San Diego, 
California and maintained in the SIO flow-through seawater aquarium (~21°C). 
Strombine production was induced by 12 hr aerial exposure, while normoxic mussels 
were kept completely immersed in seawater for that time. After 12 hours, adductor 
muscles of normoxic and anoxic mussels were quickly excised and flash frozen in liquid 
N2. Metabolites were extracted by grinding frozen adductor tissues in ice-cold methanol 
using a mortar and pestle. Mussel extracts were prepared using the freeze-sonicate-
centrifuge cycle described above for corals and evaporated to dryness. Dried mussel 
extract, dried A. yongei extract, and pure S-strombine were reconstituted in 0.1% formic 
acid in H2O with 85% ACN. The extracts and standard were cleaned by passing them 
through Hydrophilic Interaction (HILIC) TopTipsTM (PolyLCINC), following 
manufacturer’s instructions, with the modification of using 0.1% formic acid in H2O with 
85% ACN as the binding solution and 0.1% formic acid in H2O with 10% ACN as 
releasing solution. The HILIC-cleaned standard and samples were evaporated and stored 
at -80°C prior to LC-MS analysis. Dried extracts and standards from Experiments A, B, 
and C were reconstituted in 0.1% formic acid and loaded onto an Agilent 1260 LC 
system coupled with a Thermo LCQdeca mass spectrometer. LC-MS/MS analysis was 
operated under negative ion mode using electrospray ionization (ESI) as the ion source 
(voltage: -4.5 kV, sheath gas flow rate: 80 units, auxiliary gas flow rate: 20 units, 
capillary temperature: 250oC). Samples were separated on an Imtakt Scherzo SM-C-18 
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column (2.0 mm ID x 150 mm length, 3.0 µm particle size). 0.1% formic acid was used 
as mobile phase A, and ACN was used as mobile phase B. Elution was performed at a 
flow rate of 0.30 mL min-1 over the following 18 min gradient: 0 min: 0% B; 6 min: 20% 
B; 8 min: 95% B; 10 min: 95% B; 11 min: 0% B, and 18 min: 0% B.  
 
Enzymatic assays in bleached coral  
In January 2017, A. cervicornis branches (~16 cm in length) were collected using 
bone cutters from ~3 m depth while snorkeling at Punta Caracol (9.363°N, 82.282°W) in 
Bocas Del Toro, Panama. All required research permits were provided by the Ministerio 
de Ambiente de Panamá (collection permit no. SE/A-110-16 and export permit and 
CITES no. SEX/AO-3-16). The branches were allowed to recover for two days in the 
outdoor flow-through experimental aquarium at the Smithsonian Tropical Research 
Institute (STRI) Bocas Research Station. Control branches (n=7) were placed in a 38 L 
flow-through tank at ambient temperature (28.6°C ± 0.2°C, mean ± SEM), and treatment 
branches (n=6) were placed in another 38 L flow-through tank with titanium heat wands 
(300W and 500W). The temperature was increased 1°C per day and maintained at 31.6°C 
± 0.1°C (mean ± SEM) for 28 days.  
Tank seawater temperatures were measured daily with a calibrated YSI Pro2030 
oxygen sensor (Xylem) and rates of inflowing seawater were adjusted daily to maintain 
the same fill rate (~1 min L-1). Water was recirculated using two aquarium pumps (1287 
L hr-1, Hydor Koralia Nano 3.5W Aquarium Circulation Pumps) placed in opposite 
corners of the tanks. The average daytime PAR in the outdoor aquarium system was 
105.1 ± 1.2 µmol photons m-2 s-1 (mean ± SEM) with a maximum PAR of 731.5 µmol 
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photons m-2 s-1 (Odyssey PAR Logger; recording rate: 60 s-1), which was similar to the 
PAR experienced by the corals at the site measured from November 11 to November 20 
in 2015 by an Odyssey PAR Logger deployed at 3-m depth (daily PAR: 165.2 ± 14.1 
µmol photons m-2 s-1, maximum PAR: 421.8 ± 23.1 µmol photons m-2 s-1; mean ± SEM).  
Once the heat stressed corals had lost ~80% of their color (corresponding to E2 on 
the CoralWatch Coral Health Chart (Siebeck, Logan, & Marshall, 2008) (Figure 10A), 
control and bleached coral branches were flash frozen in liquid N2 around midday and 
stored in liquid N2. A. cervicornis tissues were removed in 100 mM Tris (pH 7.5) using 
the airbrush method, homogenized on ice with a handheld electronic tissue grinder (IKA 
Dispergierstation T8.10 Ultra-Turrax Werke 25000 RPM), and stored in liquid N2 until 
enzyme assays were performed.  
 
Metabolic enzyme assays for bleaching study 
CS, MDH, and SDH activities in A. cervicornis tissue homogenates were assessed 
at STRI using the same assay methods as described for the diel study, with the following 
modifications: (1) assays were conducted using standard 3.5 mL Quartz cuvettes with 
final reaction volumes of 2 mL); (2) assays were performed on a Shimadzu UV-1280 
spectrophotometer; and (3) reactions were initiated by the addition of 100 µL of tissue 
homogenate to the cuvette containing the reagents and run for 5 min each.  
 
Statistical analyses 
Differences in average O2 concentrations on coral tissues between day and night 
were analyzed using a two-tailed paired Student’s t-test, and the surrounding seawater 
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were analyzed using one sample t-test. O2 concentrations, enzyme activities, and 
strombine and alanopine concentrations in the diel experiment were analyzed using 
univariate one-way analysis of variance (ANOVA). Assumptions for normal distribution 
were tested using the Shapiro-Wilk test and homogeneity of variances was tested using 
the Brown-Forsythe test. Post-hoc comparisons of means to identify differences at the 
95% confidence interval were conducted with a Tukey’s Honestly Significant Difference 
test.  
Pearson’s correlation coefficients were calculated for all pairs of the pooled 
averages of CS, MDH, and SDH activity using linear regression (Figure S2). Day-night 
averages of enzyme activities from the diel experiment and enzyme activities in the 
bleaching experiment were analyzed using unpaired Student’s t-tests. For all analyses, 
statistical significance of α was set at p≤ 0.05. All statistical analyses were carried out in 
GraphPad Prism 7. All values are shown as the Mean ± S.E.M. 
 
Results  
Daily hyperoxia and nightly hypoxia/anoxia in coral tissues 
Continuous O2 microsensor recordings at the coral tissue surface revealed A. 
yongei experienced average conditions of hyperoxia during the day and near-hypoxia at 
night (381.3 ± 21.8 µM O2 and 73.9 ± 22.9 µM O2, respectively) (N=11) (Figure 1C). 
Average A. yongei O2 concentrations during the day were significantly higher than 
average nightly O2 concentrations (two-tailed paired Student’s t-test, p<0.0001). The 
changes in coral O2 levels during day/night/day transitions were very rapid (~2 minutes), 
as reported previously (Kühl et al., 1995) (see Figure 2.1A,B). In addition to the steep 
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difference between average daytime hyperoxia and average nightly hypoxia, there were 
fine-scale variations in coral O2 concentrations during day and night (Figure 2.1A,B and 
Table 2.1). The O2 concentration in the tank seawater (outside of the coral DBL) stayed 
relatively constant (235.4 µM ± 1.1 µM during the day and 230.1 ± 1.3 µM at night, N=7 
diel measurements), so there was no significant difference in the tank seawater O2 
concentration between day and night. O2 concentrations on coral tissues were 
significantly higher than the surrounding seawater during the day (one-sample t-test, 
p<0.05), and significantly lower at nighttime (one-sample t-test, p<0.05).  
 
Coral metabolic enzyme activities throughout a diel cycle 
Average CS activity was 144.5 ± 6.5 nmol mg protein-1 min-1 in the day, and 
significantly higher at 193.1 ± 16.1 nmol mg protein-1 min-1 at night (Figure 2.2A; 
unpaired Student’s t-test, p<0.05). A detailed analysis between time points revealed the 
only significant difference was between the end of the night (6:40am) and the beginning 
of the day (10:40am) (221.6 ± 24.8 vs. 131.6 ± 14.5 mg protein-1 min-1, respectively; one-
way ANOVA, p<0.05) (Figure 2.2B). The activities of MDH (Figure 2.2C,D) and SDH 
(Figure 2.2E,F) did not significantly change between day and night or throughout the 
24h period. Similar to most organisms and consistent with its role in multiple metabolic 
processes, MDH activity was much higher than CS and SDH, with an average of 1530.7 
± 79.7 nmol mg protein-1 min-1, while average SDH activity was 14.3 ± 3.3 nmol mg 
protein-1 min-1. There was no detectable LDH or ADH activity at any of the time points. 
Average CS and MDH activities were highly correlated (R2 = 0.71) (Figure 
2.12A), likely because they are both involved in the TCA cycle, whereas activity of SDH 
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was not correlated with either CS (R2 = 0.00) nor MDH (R2 = 0.04) (Figure 2.12B,C), 
indicating that SDH activity is independent of both CS and MDH activities.  
  
Untargeted metabolomics suggest down-regulation of aerobic metabolism and up-
regulation of anaerobic metabolism at night 
Untargeted metabolomics of the pooled “day” and “night” coral samples detected 
a total of 19,538 isotopic features. 388 (~2%) of these features were significantly 
differentially expressed between day and night at our defined statistical threshold (p 
≤0.01; fold change ≥1.5) (see cloud map, Figure 2.3). The subset of the significant 
features with maximum peak intensity ≥5000 (146 features) were examined closer: 24 
(16%) were significantly up-regulated at night compared to the day, and 122 (84%) were 
significantly down-regulated at night versus the day. The large down-regulation of 
metabolite features at night suggests metabolic suppression may be occurring at night in 
corals, potentially due to O2 deprivation as demonstrated by our diel O2 microsensor 
measurements. While we cannot definitively identify these up- and down-regulated 
metabolites using our untargeted LC-MS methods, 105 (72%) of the significant features 
had putative matches to MS/MS data in the METLIN database, suggesting that these may 
be known compounds, and the remaining may be metabolites with unique identities. 
While pooling “day” and “night” untargeted metabolomics data made broad-scale 
day-night changes analyses easier, it also potentially masked finer-scale changes in daily 
physiology. Thus, we performed additional pathway activity predictions comparing just 
the end-night (6:40am) and end-day (6:40pm). Accordingly, we predict a down-
regulation of oxidative glucose breakdown, glycolysis, TCA cycle, and serine 
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degradation at the end-night compared to end-day, and an up-regulation in anaerobic 
succinate/propionate production, AMP de novo biosynthesis, and the glyoxylate cycle at 
the end-night compared to end-day (Figure 2.4). The results of our predicted metabolic 
pathway map suggest there may have been a coordinated down-regulation of aerobic 
metabolic pathways, starting with a decrease in sugar breakdown (due to a lack of 
photosynthesis), supporting our hypothesis of nightly metabolic suppression.  However, 
these predictions are based on putative metabolites and require confirmation through 
MS/MS spectral matching.  
 
Opine production throughout the day-night cycle 
Using quantitative multiple reaction monitoring (MRM) on a triple quadrupole 
(QqQ) mass spectrometer, strombine and alanopine were detected at every time point 
over the diel cycle, with strombine concentrations being ~100x higher than alanopine 
(Figure 2.5A,C). There were no significant differences in average day and night 
concentrations of strombine (day: 418 nmol mg protein-1 ± 118 nmol mg protein-1; night: 
359 nmol mg protein-1 ± 112 nmol mg protein-1; means ± SEM) or alanopine (day: 4.6 
nmol mg protein-1 ± 1.5 nmol mg protein-1; night: 5.1 nmol mg protein-1 ± 1.5 nmol mg 
protein-1; means ± SEM) (unpaired Student’s t-test, p<0.05) (Figure 2.5B,D). However, 
an examination of the concentrations over the diel sampling scheme revealed two time 
points, 10:40am and 10:40pm, when the concentrations of strombine and alanopine were 
significantly higher than the rest of the time points (~5-20x and ~9-13x, respectively; 
one-way ANOVA, strombine p<0.001, alanopine p<0.0001). 10:40am and 10:40pm 
correspond to 3h after the onset of hypoxia at night and 3h after a return to hyperoxia 
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during the day, respectively. Octopine and nopaline were not detected in any of the 
samples.  
There was a very slight difference in the retention times of strombine (25.15 min) 
and putative strombine in the coral extract (25.43 min) (Figure 2.6A,C). However, the 
MS/MS spectra of pure strombine peak and the 25.43 min peak in the coral extract were 
identical: the parent ion of strombine (m/z 146, which matches its molecular weight, of 
147.13 g mol-1) ionized into two main daughter ions (m/z 128 and 102) when run in 
negative ion mode (Figure 2.6B,D).  
 
Identification of strombine in coral  
For further confirmation of the identification of strombine in coral extracts, we 
conducted additional experiments using a different LC-MS platform. In Experiment A, 
the MS/MS spectra of the coral extract contained the characteristic daughter ions of 
strombine (m/z 128 and 102) (Figure 2.7D). The retention time of the S-strombine 
standard was very similar to putative strombine in the coral extract (2.95 and 2.71 min, 
respectively) (Figure 2.7A,C). The low signal-to-noise ratio in the coral sample indicated 
co-extraction with other compounds. The slight differences in retention times are likely 
due to ionic interactions with excess salts, extraction solvents, or buffers co-extracted in 
the samples, which can cause major spectral shifts (Fan, 2012). Experiment B showed 
that the retention time of the S-strombine standard shifted from 3.03 min when dissolved 
in 100% methanol, to 2.60 min when spiked into coral extract (prepared in methanol) 
(Figure 2.8). This indicates that the slight retention time differences between putative 
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coral strombine and authentic strombine are due to ionic interactions with other co-
extracted compounds in the complex biological matrix in the coral sample.  
The results of Experiment C confirmed that strombine in a biological sample can 
have identical MS/MS spectra but a slightly different retention time than pure strombine. 
The MS/MS spectra of the pure strombine and extracts of coral and anoxic blue mussel 
adductor muscle (used as a biological control) were all identical (peaks at m/z 128 and 
102), again suggesting that strombine is in the coral extract (Figure 2.9E,F,H). As 
expected, the MS/MS spectra of the normoxic mussel extract showed that strombine was 
either not present or was at very low abundance, based on lacking one of the 
characteristic strombine daughter ions (m/z 128), in addition to having a high level of 
noise (Figure 2.9G). 
The liquid chromatography extracted ion chromatograms (EICs) confirmed that 
biologically produced strombine can have a slightly different retention time than pure 
strombine dissolved in solvent (Figure 2.9). The EIC of S-strombine had a single peak 
with a retention time of 4.36 min, while the peak corresponding to strombine in the 
anoxic mussel extract was at 3.74 min (Figure 2.9A,D). The coral extract had multiple 
peaks, and we chose the 4.25 min peak for MS/MS analysis, which most likely 
corresponds to strombine based on retention time similarity (Figure 2.9B). As expected, 
the peaks corresponding to strombine were not detectable above noise in normoxic 
mussel samples (Figure 2.9C). The normoxic mussel and coral extract contained an 
additional peak ~2.3 min, which may correspond to the same compound. The ionic peaks 
~1.3-1.4 min in the coral and mussel extracts are indicative that these complex biological 
matrices contained a number of non-target polar compounds that co-extracted in the 
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solvent and eluted off the LC column early, and were therefore disregarded.   
Altogether, the use of multiple LC-MS analyses provided a preponderance of 
evidence that corals produce strombine, through meeting the criteria of having a similar 
retention time and the same MS/MS spectra as the authentic strombine standard (Xiao, 
Zhou, & Ressom, 2012). Thus, we propose that corals produce strombine as a major end 
product of fermentative glycolysis. Based on this finding, we used SDH activity as a 
biomarker to assess anaerobic metabolic potential of bleached corals in the field.  
 
Metabolic activity during a coral bleaching experiment in the field  
Coral bleaching is predicted to greatly affect energy metabolism of the coral host 
due to a reduction in photosynthetic O2 levels and food availability. To assess the effects 
of beaching on metabolic enzymes in corals, we conducted experiments with freshly 
collected branches of the closely related and critically endangered species, A. cervicornis 
at STRI (Bocas Del Toro, Panama). To simulate a natural bleaching event, corals were 
exposed to seawater from the same collection site, and to an environmentally relevant 
temperature increase of ~3oC during a 4-week period which is similar to temperature 
peaks and duration experienced during natural bleaching events at the same site in 2005 
and 2010 (Neal et al., 2017).  
Control A. cervicornis had significantly higher CS activity than bleached 
branches, with approximately 95% more activity than bleached branches (2.6 ± 0.9 vs. 
0.1 ± 0.4 nmol mg protein-1 min-1; unpaired Student’s t-test; p<0.05) (Figure 2.10B). 
However, while MDH and SDH activities were also higher in control corals, they were 
not significantly different (MDH: 74.3 ± 16.5 nmol vs. 49.4 ± 16.3 nmol mg protein-1 
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min-1; SDH: 4.2 ± 1.0 vs. 1.8 ± 0.6 nmol mg protein-1 min-1) (Figure 2.10C,D). This 
indicates bleached corals have increased relative reliance on anaerobic energy metabolic 
pathways compared to healthy corals. 
 
Discussion 
Our continuous measurements of O2 concentrations on Acropora yongei tissues 
over diel cycles demonstrated that the O2 microenvironment of corals is dynamic, both 
during the daytime and at night. Similar to previous findings (Kühl et al., 1995; Shashar 
et al., 1993), O2 concentrations on coral tissues in the dark were lower than ambient 
levels (99 µM ± 18 µM vs. 229 µM ± 1 µM; mean ± SEM). However, counter to previous 
assumptions of relatively constant O2 conditions on coral tissues, A. yongei tissue O2 
levels were highly dynamic, experiencing hypoxia (≤ 2.0 mg O2 L-1) for approximately 
one-third (28 percent) of the nighttime and anoxia (≤ 0.2 mg O2 L-1) for approximately 
one-fifth (18 percent) of the night. Three coral branches never reached hypoxic levels at 
night, but remained below ambient levels. As the duration and degree of O2 levels 
experienced by an organism determines whether they switch to less efficient anaerobic 
modes of energy acquisition or just operate at reduced aerobic rates, our results are 
central to understanding daily energy budgets in corals.  
The sudden and sporadic dips in coral O2 concentrations at night could be due to 
sudden bursts of metabolic activity related to heterotrophic food acquisition or 
movements linked to circadian rhythms (Sweeney, 1976). Daytime O2 concentration 
variability in the coral microenvironment could be due to a combination of dynamic 
factors affecting photosynthesis such as temporal variations in gross and net 
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photosynthetic rates (Schneider, Levy, Dubinsky, & Erez, 2009), oxidative damage to the 
photosystems due to high irradiances (Lesser & Farrell, 2004), and photorespiration 
(Kühl et al., 1995). Slight changes in microfluidic dynamics due to movement of cilia on 
the surface of coral could also have contributed to O2 variability during both day and 
night (Shapiro et al., 2014). In addition, changes in the composition of the coral 
microbiome between day and night may have contributed to variations detected by the O2 
microsensor measurements.   
Importantly, the dynamic O2 changes reported here are for coral branches of 
similar size, shape, and genetic background, which were placed in a tank with constant 
water flow and light conditions. Thus, the fluctuations in O2 concentrations in corals on 
natural reefs are likely much more extreme and stochastic as a result of multiple factors 
influencing diffusive boundary layer conditions, including heterogeneous coral colony 
morphologies and reef structures affecting water flow rates, winds and currents, and 
weather patterns affecting solar irradiance. 
We found that, on average, CS activity was significantly higher at night compared 
to the day (unpaired Student’s t-test, p<0.05), with activities increasing over the course of 
the night until reaching significantly higher levels at the end of the night compared to the 
beginning of the day (one-way ANOVA, p<0.05). Yet because in vitro enzymatic assays 
reflect maximum enzyme capacity and not enzymatic rate in vivo, higher CS activities do 
not necessarily mean increased use of aerobic metabolism at night. Thus, we conclude 
that the CS enzyme activity declines early in the day, possibly as a result of increased 
oxidative damage due to the sudden increase in O2 availability and subsequent ramp up of 
aerobic mitochondrial respiration. In this scenario, the progressive increase in CS activity 
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throughout the night may reflect de novo CS protein synthesis that restores enzymatic 
capacity for the next day. This idea might help explain some of the complex diel gene 
expression patterns reported from both laboratory and field corals (Brady, Snyder, & 
Vize, 2011; Levy et al., 2011; Ruiz-Jones & Palumbi, 2015). The lack of significant 
differences in MDH and SDH activities over the diel cycle suggests that the balance 
between MDH and SDH synthesis and degradation is more constant compared to CS.  
The enzyme activity assays indicate that SDH is the main terminal pyruvate 
oxidoreductase in corals. We have conclusively confirmed strombine as the main 
anaerobic glycolytic end product in corals using highly sensitive liquid chromatography 
and mass spectrometry-coupled (LC-MS) platforms. Experiments with anoxic mussels 
and coral extracts spiked with authentic strombine compound, confirmed that the small 
differences in retention time between coral strombine and the synthetic strombine 
standards are due to ionic interactions with other substances present in coral extracts. 
Those experiments also detected much smaller quantities of alanopine and no octopine or 
nopaline, in corals.  
Why do corals produce strombine as the end product of anaerobic respiration? 
The type and amount of fermentative end product is correlated to the concentration of the 
corresponding amino acid (Grieshaber et al., 1994). For example, the mussel M. edulis 
and lugworm Arenicola marina have high glycine levels and produce strombine, whereas 
the whelk Littorina littorea has high alanine levels and predominantly produces 
alanopine (Grieshaber et al., 1994). Corals has much more glycine than alanine 
(Hagedorn et al., 2010; Schmitz & Kremer, 1977), which matches the 100-fold higher 
strombine levels compared to alanopine and robust SDH enzymatic activity shown in this 
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study and documented in a previous study (Murphy & Richmond, 2016). Strombine in A. 
yongei ranged from 0.048 µmol mg protein-1 to 1.065 µmol mg protein-1, which are 
among the highest levels ever reported in a marine invertebrate. As a reference, M. edulis 
produces between 0.065 µmol mg protein-1 and 0.196 µmol mg protein-1 strombine 
during normoxia and anoxia, respectively (after converting standardized units from gram 
fresh weight (de Zwaan et al., 1983) to mg protein using protein concentrations found in 
(Kopp, Cornette, & Simonne, 2005)).  
Average daily and nightly strombine concentrations in A. yongei were not 
significantly different, indicating that NAD+ regeneration by SDH occurs during 
conditions favorable for both aerobic and anaerobic metabolism. We tentatively propose 
that the high SDH activity and strombine levels during the day is due to an 
overabundance of photosynthetically produced sugars available for coral respiration 
(Crossland, Barnes, & Borowitzka, 1980; Falkowski, Dubinsky, Muscatine, & Porter, 
1984; Muscatine, Falkowski, Porter, & Dubinsky, 1984). Indeed, although fermentation 
is less efficient than aerobic respiration, it can take place at much faster rates, so it may 
be favored under nutrient-rich conditions (Warburg, 1925). However, further experiments 
are required to test this possibility in coral. 
Coral strombine levels displayed two peaks during the transitions between 
hyperoxia and undersaturated O2 conditions, and vice versa. Early in the night, corals 
experience a sudden reduction in O2 as a result of photosynthesis shutdown and 
continued respiration by coral cells, Symbiodinium, and coral-associated microbes. The 
strombine peak at the first time night point seems to reflect an upregulation of glycolysis 
to maintain metabolic rate under O2-limiting but glucose-rich conditions. An increase in 
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glycolytic rate during the early onset of anoxic conditions to maintain a high energy 
output is known as the Pasteur effect. When the excess photosynthetic glucose is used up, 
strombine production returns to basal levels. Conversely, the strombine peak at the first 
morning time point may be due to the sudden availability of both O2 and glucose, which 
allows for payment of a putative O2 debt incurred during the night. Similar patterns and 
explanations apply to M. edulis (de Zwaan et al., 1983) and A. marina (Grieshaber et al., 
1994) transitioning from normoxia to hypoxia during aerial exposure and re-immersion. 
Furthermore, untargeted metabolomics analyses yielded predicted metabolites 
involved in two additional anaerobic metabolic pathways in corals that have been 
relatively unexplored in corals but may be additional sources of ATP to corals during 
nightly hypoxia: the glyoxylate cycle and the anaerobic production of 
succinate/propionate. Based on our analyses, these two pathways were predicted to peak 
at the end of the night compared to the end of the day. The glyoxylate cycle is a 
modification of the TCA cycle found primarily in plants, bacteria, protists, and fungi, 
with the exception of cnidarians (Kondrashov, Koonin, Morgunov, Finogenova, & 
Kondrashova, 2006). The glyoxylate cycle utilizes five of the TCA cycle enzymes 
(including citrate synthase and malate dehydrogenase) in addition to isocitrate lyase and 
malate synthase, to convert acetyl CoA to malate, bypassing the decarboxylation steps of 
the TCA cycle. Malate then gets exported to the cytoplasm for gluconeogenesis. The 
glyoxylate cycle allows for the synthesis of glucose from various sources, such as acetate 
(from fatty acids) and aspartate, by first converting them into acetyl-CoA before entering 
the cycle (Kornberg & Madsen, 1958). Both enzymes unique to the glyxoylate cycle have 
been found to be present in the transcriptome of corals (Meyer et al., 2009), and their 
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expression has been shown to be responsive to heat stress and bleaching in Acropora 
palmata (DeSalvo, Sunagawa, Voolstra, & Medina, 2010). An additional role of the 
glyoxylate cycle in supplying energy anaerobically at night for coral skeletal extension 
was proposed by (Wooldridge, 2013).  The glyoxylate pathway could be an alternative 
anaerobic energy production pathway for corals when their supply of photosynthetic 
sugars from Symbiodinium is limited, such as at night or during coral bleaching. The 
glyoxylate cycle could be an alternative way for corals to tap into and utilize their large 
stores of lipid bodies.   
The anaerobic pathway leading to the production of succinate/propionate in the 
mitochondrial matrix was also predicted to be higher at the end of the night relative to the 
end of the day in corals. During sustained environmental hypoxia, anaerobic energy 
production is not restricted to fermentation, and mitochondria become involved in energy 
production, forming succinate, acetate, and propionate at the phosphoenolpyruvate 
branchpoint, increasing the ATP per glucose yield from 3 mol to approximately 7 mol 
(Grieshaber et al., 1994). Switching to acetate/propionate/succinate production also has 
the advantage of producing less acidifying equivalents than opine production, which if 
sustained at high rates for long periods could potentially lead to acidification of the 
tissues and result in cell damage (Pörtner, Kreutzer, Siegmund, Heisler, & Grieshaber, 
1984). We recommend that future studies measure levels of these other end-products 
during different stages of anaerobiosis in corals, in order to elucidate their hypoxia 
survival and recovery responses.  
Additionally, the untargeted metabolomics analyses revealed large-scale 
decreases in metabolite expression at night compared to the day, suggesting that 
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metabolic suppression may be occurring in corals at night. We propose that nightly 
hypoxia/anoxia causes suppression of aerobic metabolism, causing the observed declines 
in metabolite expression, followed by an up-regulation of anaerobic metabolic pathways 
to compensate for reduced ATP production. At the early stages of anaerobiosis, the 
fermentative production of strombine is the main anaerobic metabolite, and as 
hypoxia/anoxia progresses, the glyoxylate cycle and anaerobic production of 
succinate/propionate become utilized.  
Furthermore, we used the newly gained information on coral energy metabolic 
enzymes to investigate the metabolic physiology of bleached corals. The reduction of 
symbiotic algae during coral bleaching results in much lower photosynthesis and 
respiration rates (Porter, Fitt, Spero, Rogers, & White, 1989; Rodrigues & Grottoli, 
2007), as well as reduced availability of photosynthetic sugars. Reduced O2 availability is 
also expected in bleached corals due to the reduced photosynthetic rates; however, it has 
not been directly shown (Patterson et al., 2003). Yet, to our knowledge, the consequences 
of bleaching on coral metabolic enzymes have not been investigated.   
The A. yongei used in the initial studies exhibited very high CS and MDH 
activities compared to activities reported in other coral species (Gattuso et al., 1993; 
Lesser et al., 1994; Rivest & Hofmann, 2014; Wang et al., 2012). Average SDH activity 
in A. yongei during day and night (~15 nmol mg protein-1 min-1) was also much higher 
than the highest SDH activities reported in Montipora capitata (~5 nmol mg protein-1 
min-1 after 3 consecutive nights in anoxia) (Murphy & Richmond, 2016). The high 
aerobic and anaerobic metabolic capacity of A. yongei was likely due to the nutrient-rich 
seawater pumped in from the upwelling California Pacific seawater in the experimental 
  
48 
aquarium system at SIO. We also investigated coral metabolic physiology under field 
conditions on the related species, A. cervicornis from Bocas del Toro, Panama. A 
cervicornis was previously the dominant Caribbean shallow water coral until the mid 
1980s when White band disease caused Caribbean-wide mass mortality events (Aronson 
& Precht, 2001). A. cervicornis is considered highly vulnerable to anthropogenic stress 
(Greer, Jackson, Curran, Guilderson, & Teneva, 2009) and was listed as a Threatened 
species under the Endangered Species Act in 2005. In our A. cervicornis studies, the first 
interesting observation was that, while CS and MDH activities in healthy A. cervicornis 
were much lower than in A. yongei, the SDH activity was comparable in the two 
Acropora species. This suggests that corals recently collected from the field have higher 
rates of anaerobic metabolism compared to aerobic metabolism than corals maintained in 
the experimental aquarium in California. This could be due to the higher nutrient 
availability, lower light, and less variable environmental conditions in our experimental 
set-up compared to most reef environments. 
The second important result was that bleached A. cervicornis demonstrated 
significantly reduced CS activity, but unchanged MDH and SDH activities, compared to 
unbleached controls. As CS catalyzes the rate-limiting step of the TCA cycle, bleached A. 
cervicornis have greatly reduced aerobic capacity and even greater reliance on anaerobic 
pathways than the control corals. The ability of some corals to switch from aerobic to 
anaerobic pathways to survive reduced O2 and/or sugar availability due to loss of their 
Symbiodinium may confer their survival by increasing anaerobic ATP production; 
however, this may come with costs to their growth, reproduction, and other energy-
intensive physiological processes.   
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The identification of the SDH-catalyzed production of strombine in coral 
anaerobic energy production opens novel avenues of research about coral physiology and 
their cellular responses to environmental stress. Strombine levels in coral tissues are 
dynamic and likely reflect instantaneous O2 and sugar concentrations required for 
energetic demands. Because corals on reefs commonly experience rapid changes in light, 
water flow, and other environmental variables, measuring strombine levels as an 
indicator of anaerobic metabolic capacity is not recommended. In addition, measuring 
strombine levels requires access to expensive and sensitive LC-MS platforms. On the 
other hand, SDH activity is an indication of maximum anaerobic metabolic capacity, and 
the SDH assay is a relatively simple and cheap method that can be used in even remote 
locations. In combination with CS and MDH activity assays, SDH activity can provide a 
more complete picture about coral metabolic physiology. Using this approach, we 
confirmed that bleached A. cervicornis have reduced metabolic capacity. Because this 
implies lower rates of ATP production, it helps explain the reduced growth, calcification, 
and disease resistance reported from bleached corals. Similar studies on other coral 
species may identify species-specific differences that confer differential susceptibility 
and resistance to bleaching.  
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Figures  
 
 
Figure 2.1: Continuous microsensor measurements of O2 concentrations (µM) on 
tissue surfaces of Acropora yongei over a diel cycle. Solid black lines show the O2 
concentrations measured on corals in (A) 2014 (n=4), and (B) 2016 (n=7). In 2016, O2 
concentrations (µM) in the surrounding seawater were also measured (n=7; shown as 
solid gray lines). (C) Bar graph of the average O2 concentrations (mean ± 95% CI) 
between day and night of coral tissues from 2014 and 2016 combined, with the average 
2016 surrounding seawater O2 concentrations represented as a solid gray line. The 
average O2 concentrations experienced by coral tissues were significantly higher during 
the day than at night (two-tailed paired t-test, ****p<0.0001). In all three graphs, 
hyperoxia (252 µM) is shown as dashed lines and hypoxia (62.5 µM) as dotted lines.  
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Figure 2.2: Metabolic enzyme activities in coral tissue homogenates over a diel cycle. 
Graphs on left show averages (± SEM) of day and night enzyme activities presented on 
right. (A,B) Citrate synthase (CS) activity was significantly higher at night compared to 
the day (unpaired Student’s t-test, *p<0.05), and significantly higher at the end of the 
night compared to the beginning of the day (one-way ANOVA, *p<0.05). (C,D) Malate 
dehydrogenase (MDH) and (E,F) strombine dehydrogenase (SDH) activities were not 
significantly different between day and night (unpaired Student’s t-test, p=0.05), nor were 
there significant differences over the diel cycle (one-way ANOVA, p=0.05). Activities of 
lactate dehydrogenase (LDH) and alanopine dehydrogenase (ADH) were not detectable 
(not shown).  
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Figure 2.3: Cloud plot of significantly dysregulated ionic features in coral holobiont 
samples from day and night. 388 ionic features were significantly dysregulated between 
day and night (p≤0.01, fold-change≥1.5). Features that were significantly up-regulated at 
night are shown as green circles on top of the plot, and features that were significantly 
down-regulated at night are shown as red circles on the bottom of the plot, plotted by to 
their unique retention time (min, x-axis) and mass-to-charge ratio (m/z, y-axis). Larger 
circles correspond to peaks with greater (log) fold changes, and brighter shades of color 
circles represent lower p-values. Retention time-corrected total ion chromatograms 
(TICs) are shown in gray in the plot background. Circles representing features with 
putative matches to known compounds in the METLIN database have a black outline.  
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Figure 2.4: Predicted metabolic pathways map. Based on untargeted metabolomics 
analysis, significant putative metabolites from the end-day (6:40pm) and end-night 
(6:40am) were mapped onto known aerobic and anaerobic metabolic pathways. Predicted 
metabolites in red boxes were significantly down-regulated at the end-night compared to 
end-day (p<0.05) and were generally involved in the TCA cycle and serine degradation. 
Predicted metabolites in green boxes were significantly up-regulated at the end-night 
compared to end-day (p<0.05) and were involved in the glyoxylate cycle, and anaerobic 
pathway leading to succinate/propionate exhibited the opposite pattern. Fold-changes (in 
parentheses) are shown next to each putative metabolite.  
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Figure 2.5: Concentrations (nmol mg protein-1) of strombine and alanopine in corals 
sampled over diel cycle. Graphs on left show day and night averages (± SEM) of opine 
levels presented on right (mean ± SEM). (A) Strombine and (C) alanopine concentrations 
were not significantly different between day and night (unpaired Student’s t-test, p<0.05), 
but a finer temporal analysis showed that (B) strombine and (D) alanopine levels were 
significantly higher in corals sampled 3 hours after the lights turned on (10:40 am) and 3 
hours after the lights turned off (10:40 pm) (one-way ANOVA; ***p<0.001; 
****p<0.0001).  Results obtained through LC-MS Multiple Reaction Monitoring of the 
transitions of m/z 162 → 116 for alanopine and m/z 148.6 → 102 for strombine. 
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Figure 2.6: LC-MS analysis of R-strombine and coral extract. Liquid chromatography 
extracted ion chromatograms (EICs) of m/z 146, corresponding to (A) R-strombine (RT: 
25.15 min), and (C) putative strombine extracted from coral (RT: 25.43 min). MS scan 
(range: 25-200 m/z) during LC-MS/MS analysis at retention time ranges of (B) 24.639-
24.806 min for the R-strombine and (D) 24.920-25.586 min for the putative coral 
strombine. Both (B) and (D) exhibited daughter ions at m/z 102, m/z 128, and m/z 146. 
m/z 146 corresponds to unfragmented parent ion (strombine) and m/z 102 and m/z 128 
correspond to the daughter ions. (E) Chemical structure of strombine (made in 
ChemDraw Professional 16.0).  
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Figure 2.7: LC-MS analysis of Celite®-filtered S-strombine and coral extract 
(Experiment A). Liquid chromatography extracted ion chromatograms (EICs; top row) 
and MS/MS spectra (bottom row) of Celite®-filtered (A,B) pure S-strombine and (C,D) 
coral extract, obtained through LC-ESI-MS/MS, run in negative ion mode. The MS/MS 
analysis was performed on m/z 146 with selected reaction monitoring at m/z 102, which 
corresponds to the main daughter ion of strombine. Retention times (in min) are indicated 
for the most intense peaks on the EICs: (A) S-strombine had a retention time (RT) of 2.95 
min, and (C) the coral extract had a peak at 2.71 min, corresponding to putative 
strombine (the peak at 1.81 min is likely due to non-target co-extracted polar compounds 
in the complex biological sample). MS/MS analysis was performed on m/z 146 at the 
selected RT ranges (in parentheses) for (B) S-strombine (RT: 2.89-3.18 min) and (D) 
coral extract (RT: 1.72-1.95 min).  The two main daughter ions of strombine, m/z 128 and 
m/z 102, are also present in the MS/MS spectra of the coral extract (D).  
 
 
 
 
 
0 5 10 15
0
1×103
2×103
3×103
4×103
Retention time (min)
In
te
ns
ity
 (A
U
)
1.81
2.71 
0 50 100 150 200
0.0
5.0×103
1.0×104
1.5×104
m/z
In
te
ns
ity
 (A
U
)
102.15 
128.05 
0 5 10 15
0.0
5.0×103
1.0×104
1.5×104
2.0×104
Retention time (min)
In
te
ns
ity
 (A
U
)
2.95
0 50 100 150 200
0.0
5.0×102
1.0×103
1.5×103
2.0×103
2.5×103
m/z
In
te
ns
ity
 (A
U
)
102.11
128.11 
A B
C D
  
57 
 
 
Figure 2.8: LC-MS analysis of S-strombine, coral extract, and coral extract spiked 
with S-strombine (Experiment B). Liquid chromatography extracted ion chromatograms 
(EICs) of m/z 146, corresponding to (A) S-strombine (RT: 3.03 min), (B), coral extract 
(RT: 2.08 min), and (C) coral extract spiked with S-strombine (RT: 2.60 min) obtained 
through LC-ESI-MS/MS, run in negative ion mode. Retention times are indicated for the 
most intense peaks on the EICs.  
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Figure 2.9: LC-MS analysis of HILIC TopTip-filtered S-strombine, coral, normoxic 
mussel, and anoxic mussel (Experiment C). Liquid chromatography extracted ion 
chromatograms (EICs) of (A) S-strombine, (C) coral, (E) normoxic mussel, and (G) 
anoxic mussel, obtained through LC-ESI-MS/MS, run in negative ion mode. The MS/MS 
analysis was performed on m/z 146 with selected reaction monitoring at m/z 102, which 
corresponds to the main daughter ion of strombine. Retention times (in min) are indicated 
for the most intense EIC peaks: (A) S-strombine (4.36 min), (C) putative coral strombine 
(4.25 min), and (E) anoxic mussel strombine (RT: 3.74 min). (G) There was no peak 
corresponding to putative strombine in normoxic mussel. MS/MS analysis was performed 
on m/z 146, at the selected RT ranges (in parentheses) for (B) S-strombine (RT: 4.14-4.59 
min), (D) coral (RT: 4.08-4.37 min), (F) normoxic mussel (RT: 2.07-2.42 min), and (H) 
anoxic mussel (RT: 3.25-4.09 min). The coral and anoxic mussel extracts exhibited m/z 
128 and m/z 102, while the normoxic mussel extract only contained m/z 102, and had 
many other ions, indicating strombine was either not present in the normoxic mussel 
sample or was much less abundant. The additional peak at m/z 144 in the coral extract 
may be a non-ionized compound related to strombine.   
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Figure 2.9: LC-MS analysis of HILIC TopTip-filtered S-strombine, coral, normoxic 
mussel, and anoxic mussel (Experiment C), Continued. 
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Figure 2.10: Metabolic enzyme activities in control and bleached coral tissue 
homogenates. (A) Pictures of representative control (left) and bleached (right) Acropora 
cervicornis branches. Activities of (B) citrate synthase (CS), (C) malate dehydrogenase 
(MDH), and (D) strombine dehydrogenase (SDH) in control (n=7) and bleached (n=6) A. 
cervicornis (mean ± SEM; unpaired Student’s t-test; *p<0.05; units of nmol mg protein-1 
min-1).  
 
 
Co
ntr
ol
Ble
ac
he
d
0
20
40
60
80
100
M
D
H
 A
ct
iv
ity
 (n
m
ol
 m
g 
pr
ot
ei
n-
1  m
in
-1
)
Co
ntr
ol
Ble
ac
he
d
0
1
2
3
4
C
S 
Ac
tiv
ity
 (n
m
ol
 m
g 
pr
ot
ei
n-
1  m
in
-1
)
*
Co
ntr
ol
Ble
ac
he
d
0
2
4
6
SD
H
 A
ct
iv
ity
 (n
m
ol
 m
g 
pr
ot
ei
n-
1  m
in
-1
)
A B
C D
  
61 
 
Figure 2.11: Picture of the experimental tank used in the diel study. A 2-D red laser 
sheet was used for illumination and flow was qualitatively assessed by visually tracing 
the dispersion of neutrally buoyant particles around the coral tiles (center of tank on 
rack).  
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Figure 2.12: Correlations of enzyme activities in A. yongei over diel cycle. Graphs of 
the relationships between CS, MDH, and SDH activities (in nmol mg protein-1 min-1) of 
corals sampled over a diel cycle, with Pearson’s correlation coefficients. (A) CS and 
MDH, were highly correlated (R2 = 0.71), likely because they are both involved in mostly 
aerobic pathways, whereas activity of SDH activity was not correlated with either (B) CS 
(R2 = 0.00), or (C) MDH (R2 = 0.04), which we propose is because SDH is involved in 
both aerobic and anaerobic states in corals.  
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Figure 2.13: Potential end-products of anaerobic glycolysis. At the end of anaerobic 
glycolysis in the cytosol of eukaryotic cells, pyruvate has multiple potential fates. In 
tissues of vertebrates and some marine invertebrates, pyruvate is commonly converted to 
lactate, while in many marine invertebrates, it is condensed with an acid amino acid (in 
parentheses) to produce various imino acids, also called “opines,” such as alanopine 
(alanine), strombine (glycine), and octopine (arginine). Pyruvate can also be converted to 
succinate and propionate in the mitochondrion during longer-term anaerobiosis, yielding 
slightly more ATP per glucose molecule partially oxidized than lactate/opine production. 
Another opine, nopaline, is produced by the condensation of α-ketoglutarate and arginine 
in crown gall tumors of plants that are caused by nopaline-catabolizing strains of 
Agrobacteria.   
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Table 2.1: Percentage of the coral tissues that experienced hypoxia/anoxia at night. 
Based on continuous O2 measurements on A. yongei tissues during the nighttime (12 
hours), the percentage of time that coral tissues were hypoxic (≤ 2.0 mg O2/L) and anoxic 
(≤ 0.2 mg O2/L) was calculated and ranked from highest to lowest.  
 
% Anoxia at 
night (≤ 0.2 
mg O2/L) 
% Hypoxia at 
night (≤ 2.0 mg 
O2/L) 
74.6 92.1 
70.1 84.2 
25.6 49.0 
17.1 45.4 
5.6 22.5 
0.4 5.6 
0.3 2.5 
0.1 3.2 
0.0 0.0 
0.0 0.0 
0.0 0.0 
17.6 ±8.6 
(Mean ±SEM) 
27.7 ±10.5 
(Mean ±SEM) 
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CHAPTER 3: Thermal Bleaching Differentially Affects the Host Metabolism of Two 
Common Caribbean Coral Species, Agaricia agaricites and Orbicella franksi 
 
Abstract 
As mass coral bleaching events become more frequent and severe due to global 
warming, it is becoming increasingly important to elucidate the physiological factors 
underlying coral bleaching susceptibility and resilience. In Chapter 2, we found that 
bleached Acropora cervicornis has significantly reduced aerobic but not anaerobic 
metabolic capacity, suggesting that bleached corals may experience shifts in the relative 
importance of different energy pathways in the host during bleaching. However, the 
balance of aerobic and anaerobic energy production capacity in bleached corals due to 
changes in photosynthetic O2 production is currently unknown. In this study we measured 
gross and net photosynthesis, light and dark respiration, coral tissue O2 concentrations, 
and metabolic enzyme activities during thermal bleaching of two common Caribbean 
reef-building coral species, Agaricia agaricites and Orbicella franksi recently collected 
from the field in Bocas Del Toro, Panama. Bleaching of O. franksi took longer than A. 
agaricites, which matches previous field observations. However, during bleaching there 
was a significant reduction in tissue O2 concentrations of both species. Bleached coral 
tissues were near-hypoxic O2 both in the light and dark, indicating this species 
experiences constant O2 limitation. Bleached O. franksi had significantly higher 
strombine dehydrogenase and malate dehydrogenase activities compared to unbleached 
controls (t-test; SDH: p<0.05; MDH: p<0.05), while A. agaricites did not, suggesting that 
during bleaching O. franksi relies more on anaerobic glycolysis and the other malate 
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dehydrogenase pathways. These results demonstrate metabolic plasticity in O. franksi but 
not A. agaricites, and may be a physiological explanation for O. franksi’s greater 
bleaching resistance and bleaching recovery rates in the field. However, bleached O. 
franksi also had significant reductions in protein concentration compared to unbleached 
controls (t-test; p<0.0005), suggesting there may be physiological consequences of 
bleaching and potential long-term health impacts. Our findings suggest that anaerobic 
energy production may be an important factor underlying coral bleaching resistance and 
recovery, and that corals with higher metabolic plasticity such as O. franksi may fare 
better in a warming ocean.  
 
Introduction  
Coral bleaching is the loss of coral tissue pigmentation due to the expulsion of 
their endosymbiotic algae (genus Symbiodinium) en masse, reductions in chlorophyll a 
concentrations, or both. The most common causes of bleaching are elevated seawater 
temperatures and ultraviolet (UV) solar radiation, which can either act alone (e.g. 
(Gleason & Wellington, 1993; Jokiel & Coles, 1990)) or synergistically (Coles & Jokiel, 
1978; Lesser, Stochaj, Tapley, & Shick, 1990). In addition, regional coral bleaching 
events have been attributed to reduced salinity (van Woesik, De Vantier, & Glazebrook, 
1995) and bacterial infection (Kushmaro, Loya, Fine, & Rosenberg, 1996); however, 
temperature and solar radiation are much stronger drivers of coral bleaching than direct 
anthropogenic stressors (Welle, Small, Doney, & Azevedo, 2017). Coral bleaching leads 
to a physiologically stressed state in corals and increases their susceptibility to disease 
and mortality (Lewis, Neely, Richardson, & Rodriguez-Lanetty, 2017; R. V. Thurber, 
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Payet, Thurber, & Correa, 2017), including mortality of associated reef organisms (Baird 
& Marshall, 2002; Coffroth, Poland, Petrou, Brazeau, & Holmberg, 2010; Glynn & 
D'Croz, 1990; Harriott, 1985). Between 2015 and 2016, higher than average sea surface 
temperatures triggered the third global mass coral bleaching event on record, with the 
northern Great Barrier Reef in Australia experiencing extensive bleaching of over 90% of 
the reefs (Hughes et al., 2017). As bleaching events are predicted to increase in frequency 
and severity due to ocean warming, more than 90% of global reefs may be at risk of long-
term degradation by the end of this century (Grottoli et al., 2014). In the Caribbean, coral 
reefs have been hard-hit by two recent major bleaching events in 2005 and 2010, with up 
to 40% coral mortality in 2005. In addition, there were localized Caribbean bleaching 
events in 2015 (Eakin et al., 2016; 2010). Despite coral bleaching being recognized as 
possibly the largest threat to the future of reefs worldwide, many aspects of coral 
bleaching physiology, including energy metabolism of the host and symbiont, remain 
poorly understood. The main goal of the studies presented in this paper was to elucidate 
the role of the coral host metabolism during bleaching.  
Corals receive up to 140% of their carbon needs from their photosynthetic 
Symbiodinium endosymbionts (Muscatine, R McCloskey, & E Marian, 1981; Yellowlees, 
Rees, & Leggatt, 2008), but they can also obtain energy heterotrophically by feeding on 
plankton or taking up dissolved organic matter (for a review of coral heterotrophy, see 
(Anthony & Fabricius, 2000; Houlbreque & Ferrier-Pages, 2009). Heterotrophic feeding 
can meet 15 to 35% of daily metabolic requirements in healthy corals (Houlbreque & 
Ferrier-Pages, 2009).  
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Because bleached corals have decreased Symbiodinium densities, photosynthetic 
rates, and photosynthate supply to the host tissues (Lesser, 1997; Warner, Fitt, & Schmidt, 
1996), they tend to experience an energy deficit (Porter, Fitt, Spero, Rogers, & White, 
1989). But some coral species are able to maintain and even restore energy reserves (as 
lipids, carbohydrates, and proteins) during bleaching events by increasing feeding rates 
(Connolly, Lopez-Yglesias, & Anthony, 2012; Grottoli, Rodrigues, & Palardy, 2006; 
Rodrigues & Grottoli, 2007). Heterotrophy can meet up to 100% of daily metabolic 
requirements in bleached corals (Houlbreque & Ferrier-Pages, 2009). In addition, direct 
uptake of dissolved organic carbon (Levas et al., 2016), may also aid in recovery from 
bleaching. A dynamic bioenergetic model of coral-Symbiodinium symbioses describes the 
“healthy” symbiotic state as being nitrogen-limited, while the “bleached” state is carbon-
limited (Cunning, Muller, Gates, & Nisbet, 2017). Heterotrophy mitigates carbon-
limitation in the bleached host and thus is a potential mechanism for recovery (Cunning 
et al., 2017); however, coral species that lack heterotrophic plasticity may be more 
susceptible under repeat bleaching (Levas et al., 2016). Heterotrophy does not increase 
coral metabolism in the presence of elevated inorganic nitrogen concentrations (Ezzat, 
Towle, Irisson, Langdon, & Ferrier-Pagès, 2015).   
Oxidative stress associated with bleaching likely has direct impacts on coral host 
metabolism. While the exact molecular mechanism(s) of the symbiotic breakdown 
causing bleaching in cnidarians remains unknown, there is significant evidence that 
bleaching is initiated by the overproduction of reactive oxygen species (ROS) by the host, 
symbiont, or both, causing a cascade of cellular events leading to the eventual expulsion 
of the algae (reviewed in (Weis, 2008)). ROS can cause direct damage to lipids (lipid 
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peroxidation) (Downs, Mueller, Phillips, Fauth, & Woodley, 2000) and proteins (protein 
carbonylation) (Downs et al., 2002), causing direct impacts to coral host metabolism. 
Several transcriptomic and proteomic studies provide evidence that bleaching negatively 
impacts coral host metabolism, causing down regulation of genes involved in 
mitochondrial electron transport, fatty acid synthesis, and amino acid metabolism 
(DeSalvo et al., 2008), and reductions in a subunit of ATP synthase (Ricaurte, Schizas, 
Ciborowski, & Boukli, 2016). 
However, while some corals survive thermal bleaching events and recover (Fitt, 
Spero, Halas, White, & Porter, 1993; Loya et al., 2001), others are susceptible to 
mortality. It is not entirely clear what determines recovery and survival from bleaching, 
but possible strategies include tapping into glycogen, lipid, and protein reserves (Fitt et 
al., 1993; Fitt, McFarland, Warner, & Chilcoat, 2000; Grottoli et al., 2006; Grottoli, 
Rodrigues, & Juarez, 2004; Porter et al., 1989) and increasing heterotrophic feeding 
(Cunning et al., 2017; Grottoli et al., 2006; Houlbreque & Ferrier-Pages, 2009).  
An overlooked aspect of bleaching impacts is the loss of photosynthetic O2 
production and potential hypoxia in the coral tissues. When O2 is scarce, animals 
including corals have an increased reliance on fermentative pathways to produce ATP, 
which are ~13-fold less efficient compared to mitochondrial aerobic metabolism 
(Livingstone, 1991). Increased reliance on fermentative pathways during hypoxia is 
likely to exacerbate the deficit in energy availability caused by reduced photosynthetic 
sugar supply, and contribute to the observed high mortality rates after prolonged 
bleaching (Baird & Marshall, 2002). However, little is known about the O2 dynamics and 
energy metabolism in bleached corals.  
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In this study we measured activities of key enzymes involved in metabolic 
pathways were measured on thermally bleached and unbleached control corals that were 
recently collected from the field. Citrate synthase (CS) catalyzes the first step of the citric 
acid (TCA) cycle and is often used as an indicator of aerobic metabolic potential. Malate 
dehydrogenase (MDH) is a functionally diverse enzyme, playing roles in the TCA cycle, 
malate-aspartate shuttle, gluconeogenesis, and other key metabolic cycles. CS and MDH 
are commonly used to indicate aerobic metabolic potential. As an indicator of anaerobic 
metabolic potential, strombine dehydrogenase (SDH) activity was measured. Corals were 
recently shown to produce strombine, an alternative end-point of fermentative glycolysis 
(Chapter 2).  
In Chapter 2, we reported that healthy corals experience average hyperoxia 
during the day and average hypoxia throughout the night, sometimes leading to anoxia. 
This research also demonstrated that the anaerobic end product strombine exhibited a diel 
pattern of production/accumulation, with significantly higher levels near the beginning of 
the night and day, corresponding to early onset of hypoxia and recovery from hypoxia, 
respectively. We also showed that anaerobic metabolic capacity (SDH activity) and 
aerobic capacity (CS and MDH activities) were fairly constant throughout the day and 
night, and CS activities significantly increased at the end of the night. Overall, this study 
showed that A. yongei maintained high aerobic and anaerobic metabolic capacity over the 
diel cycle under optimal growth conditions in the laboratory. Furthermore, bleached 
Acropora cervicornis demonstrated a significant decrease in CS activity but unchanged 
SDH and MDH activities compared to unbleached controls, indicating increased reliance 
on fermentative glycolysis, and possibly also gluconeogenesis and/or the malate-aspartate 
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shuttle. However, a direct link between coral bleaching and endogenous hypoxia in coral 
tissues has yet to be demonstrated. Measurements of photosynthesis and respiration rates 
in bleaching and healthy corals would help establish a causal relationship between 
bleaching and hypoxia. 
The main goals of this study were to (1) establish a link between coral bleaching 
and the creation of hypoxia in the coral microenvironment, and to (2) determine the 
effects of thermal bleaching on the metabolism of two important Caribbean reef building 
coral species. Agaricia agaricites is a foliose coral that inhabits a wide range of depths in 
the Caribbean, from <3-m to >30-m (Gleason & Wellington, 1995), and Orbicella franksi 
is a massive species, and is found across depths ranging from <4-m to >20-m (Neal et al., 
2017). A. agaricites and O. franksi coexist at different depths in many parts of their 
range. In addition to having different growth forms, A. agaricites and O. franksi are from 
different coral clades (Complex and Robust clades, respectively) (Stolarski et al., 2011) 
and contain different Symbiodinium clades (Garren, Walsh, Caccone, & Knowlton, 2006; 
LaJeunesse, 2002). They also have differential bleaching sensitivities as A. agaricites is 
among the most sensitive corals to bleaching, especially at shallow depths (Lasker, Peters, 
& Coffroth, 1984), while O. franksi bleaches less readily and tends to recover faster than 
other Caribbean species (Neal et al., 2017).   
In this study we induced thermal bleaching in A. agaricites and O. franksi, 
simulating the intensity and duration of a natural thermal stress event.  At different time 
points during bleaching, we measured O2 levels in coral tissues and determined gross and 
net photosynthesis and light and dark respiration rates. Once all A. agaricites and O. 
franksi were bleached, we measured enzymatic activities of CS, MDH, and SDH as 
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indicators of aerobic and anaerobic metabolic potential. We hypothesize that bleached 
corals would experience under-saturation of tissue O2 even during the day due to 
significant reductions in symbiont photosynthesis, and that prolonged bleaching-induced 
hypoxia could lead to reductions in aerobic capacity and an increase in anaerobic 
capacity. We also hypothesized that A. agaricites and O. franski have different metabolic 
responses to thermal stress and bleaching, due to having genetic, morphological, and 
symbiont type differences.   
 
Methods 
Coral collection and experimental set-up 
In January 2017, fourteen ~10 cm2 diameter colonies each of A. agaricites and O. 
franksi were collected on SCUBA using a hammer and chisel under their dead bases at 
~6-8-m depth at Punta Caracol, Bahia de Almirante, Bocas Del Toro, Panama (9.363°N, 
82.282°W). Care was taken not to damage living coral tissue during collection. All 
required research permits were provided by the Ministerio de Ambiente de Panamá 
(collection permit no. SE/AO-8-16). 
O. franksi with a dark brown coloration and A. agaricia with a dark green color 
were collected, indicating a healthy, non-bleached state. Coral colonies were immediately 
brought back to the Smithsonian Tropical Research Institute Bocas Research Station 
(STRI BRS) in buckets of seawater and allowed to recover for nine days in the flow-
through outdoor aquarium supplied with seawater from Bahia de Almirante. Plankton 
density in the tanks was ~1-6 plankton L-1, while zooplankton densities in Bahia de 
Almirante are high compared to the open ocean (D'Croz, Rosario, & Gondola, 2005). 
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Temperature, salinity, and dissolved O2 were regularly measured with an YSI ProODO 
probe (YSI, a Xylem brand, Ohio, USA) (Table 3.1), and the light levels at the height of 
the coral colonies were continuously measured with a PAR logger (Odyssey, Dataflow 
Systems Limited, New Zealand) (Figure 3.11). Coral colonies were repositioned weekly 
throughout the tanks in order to minimize positional effects. 
 
Thermal bleaching of corals 
After a nine-day acclimatization to the aquarium system, during which time 
preliminary measurements of O2 tissue concentrations were measured with microsensors 
(see below), half of the A. agaricites and O. franksi colonies were randomly distributed in 
a 76-L control tank supplied with ambient flow-through seawater and equipped with 
aquarium pumps (1287 L hr-1, Hydor Koralia Nano 3.5W Aquarium Circulation Pumps, 
USA). The remaining colonies were distributed in an identical treatment tank equipped 
with two 500W titanium aquarium heaters (Finnex HMX 500W Titanium Heater, USA). 
Bleaching was induced by heating the treatment tank 1°C per day and maintaining it at 
~+3°C above the control tank until full bleaching occurred. This temperature was chosen 
based on the maximum temperature at 4-m depth on the Punta Caracol reef in the 2010 
bleaching event, which was 31.6°C (Neal et al., 2017). The mean temperature for this 
area at 4-m depth is 28.7°C (Neal et al., 2017). Average temperatures in the control and 
treatment tanks in the current study were 28.5 ± 0.1 °C and 31.3 ± 0.2°C respectively. 
There were no significant differences in dissolved O2 between the tanks and the average 
dissolved O2 in both tanks was 6.6 ± 0.3 mg/L O2 (mean ± SEM) (Table 3.1).  
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Bleaching was visually assessed using a CoralWatch Coral Health Chart using the 
sections of the chart most appropriate for each coral species (Siebeck, Logan, & Marshall, 
2008), and pictures were taken weekly of each colony alongside the health chart (Figure 
3.1). It was presumed that corals were fully bleached when they reached a level of 2 or 1 
on the Health Chart, at which point they were sampled. All seven A. agaricites and five 
of the seven O. franski colonies reached the full bleaching stage after 33-38 days of 
~+3°C thermal stress. The two remaining O. franski colonies were sampled at day 55. All 
control corals were sampled at day 34. All corals were sampled at midday to avoid the 
effects of time of day on physiological parameters measured. Samples were snap frozen 
in liquid N2 and stored in a dry shipper (-150°C) until homogenized. In several O. franksi 
colonies, patches of endolithic algae in the skeletons were visible through the bleached 
tissues and made it difficult to determine the level of bleaching.  However, subsequent 
Symbiodinium density counts confirmed that all O. franksi and A. agaricites were 
bleached to the same extent (Figure 3.3).  
 
O2 microsensor measurements 
Areal gross and net P (GP and Pnet) and light and dark R (RL and RD) rates were 
determined from O2 concentration measurements made on the tissue surface of corals 
using Clark-type O2 microsensors (Unisense, Aarhus, Denmark) with tip diameter of 50 
µm or 100 µm, stirring sensitivity <5% and 90% response time of <0.5 s. The 
microsensor was connected to a Multimeter (Unisense A/S, Aarhus, Denmark), and 
measurements were recorded using the Unisense SensorTrace Logger software (recording 
rate 0.1 s−1). The microsensor was positioned on the coral using a manually-operated 
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micromanipulator (World Precision Instruments) and a dissection microscope at an angle 
of 20° relative to the vertical incident light (Kühl, Cohen, Dalsgaard, Jergensen, & 
Revsbech, 1995). Measurements were conducted on the coenosarc to minimize 
interference from polyp movement (Kühl et al., 1995). Before daily use, microsensors 
were linearly calibrated against air-saturated seawater at the experimental temperature 
and anoxic water (0.1 M sodium ascorbate + 0.1 M sodium hydroxide).  
GP and Pnet and RL and RD rates were measured in corals before, during, and after 
~6 weeks of the induced thermal bleaching in the treatment tanks. Measurements of 
treatment coral colonies took place over nine days prior to thermal stress was induced, 
around halfway through thermal stress in the treatment tanks (days 13-27), and finally 
after treatment corals were fully bleached (days 33-55). Because of the time-consuming 
nature of completing a single set of O2 measurements using the microsenor method, it 
was not feasible to measure the control corals in the same week as the treatment corals 
and only measurements on three control colonies of each coral species were possible. 
Measurements of unbleached control corals took place over nine days prior to initiation 
of thermal stress in the treatment tank, and again around 33-55 days, once treatment 
corals were fully bleached.  
P and R determinations require steady-state O2 concentrations, which can be 
difficult to achieve under naturally variable outdoor light. To circumvent this problem, 
corals were transported individually to an indoor wet lab for O2 microsensor 
measurements and then returned to the outdoor experimental tanks after measurements 
were completed. The indoor 76-L measurement tank had flow-through seawater that was 
heated to the same temperature as the treatment or control tank, depending on which 
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coral colonies were being measured. LED lights (XR15wPro EchoTech Radion, 
Pennsylvania, USA) were suspended above the tank and light intensity was 215 ± 5 µmol 
photons m-2 s-1 (mean ± SD) using an Odyssey PAR logger situated level with the top of 
the corals. Before O2 microsensor measurements, corals were allowed to adjust to the 
artificial light until steady-state O2 concentrations were reached, which typically took 
between 5-10 minutes. Two replicate sets of P and R measurements were made per coral 
colony, on coenosarc tissue spots at least 1 cm away, and were averaged prior to 
statistical analysis. Thermally stressed O. franksi displayed patchy pigmentation during 
the course of bleaching, and to measure average P and R rates, O2 microsensors were 
placed in parts of the colony with average color.   
Pnet was measured as steady-state O2 fluxes across the diffusive boundary layer 
(DBL). After placing the microsensor on the coenosarc surface and waiting for steady-
state O2 levels, the DBL thickness was determined by slowly moving the microsensor 
vertically away from the tissue into the seawater in 0.5 mm increments until steady-state 
O2 levels were less than 10% different from those measured in the surrounding seawater.  
GP was estimated in the same tissue spot using the light-dark shift method 
developed by Revsbech & Jorgensen (1983). Briefly, GP was estimated as the slope of 
the initial drawdown in O2 concentrations within 1 s of turning off the lights, assuming 
(1) a steady-state O2 profile before darkening, (2) an identical O2 consumption 
immediately before and immediately after the onset of darkness, and (3) identical 
diffusive fluxes during the measurements. A detailed discussion of the light-dark shift 
method can be found in (Revsbech & Jorgensen, 1983) and (Glud, Ramsing, & Revsbech, 
1992).  
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RD was measured directly by placing the microsensor on the coral tissue surface, 
turning off the lights, and measuring steady-state O2 fluxes into the tissue across the DBL 
after sufficient dark incubation, which was usually achieved after 5-10 minutes 
(Schrameyer et al., 2014).   
 Net O2 exchange fluxes were calculated from the measured steady-state 
concentration profiles of Pnet and RD using Fick’s first law of diffusion with a molecular 
diffusion coefficient for O2 of 2.5781 x 10-5 cm2 s-1 at 30°C and 30 PSU salinity (Li & 
Gregory, 1974). Areal GP rates were obtained by dividing the measurements of volume-
specific GP by the thickness of the tissue. Tissue thicknesses of the two coral species 
were determined by attaching a thin needle to a micromanipulator, carefully inserting it at 
a 90° angle into two different spots on the coenosarc tissue until the skeleton was 
reached, and measuring the distance it took for the needle to exit the tissue when 
monitoring it under a dissecting microscope at 40x magnification (Heerbrugg WILD M3 
Dissecting Microscope, Switzerland).  
RL rate was calculated as the difference between GP and Pnet rates (RL = GP – 
Pnet) (Kühl et al., 1995). To determine RD, DBL thickness was measured in the dark once 
steady-state O2 levels were reached (after ~10 min in the dark).  
Areal P and R rates were expressed in units of nmol O2 cm-2 min-1. Positive GP 
values indicate O2 going out of the coral (into the seawater) from gross photosynthesis; 
negative Pnet values indicate net O2 production from the coral tissues into the seawater 
due to higher GP than R (i.e. in the light); positive RL and RD values indicate O2 
consumption by the coral from the seawater for respiration; negative RL values indicate 
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net O2 production in the coral and occurred when positive Pnet values were higher than 
very low GP values, which occurred in the bleached corals.  
   
Enzyme activity assays 
 Tissue was removed from the flash frozen corals with an airbrush (e.g.  
(Szmant & Gassman, 1990)) using a solution of 100mM Tris (pH 7.5). Tissue slurries 
were homogenized further on ice using a T8.10 Ultra-Turrax Werke handheld electronic 
tissue grinder set at 25000 RPM (IKA Dispergierstation, Germany) and then immediately 
re-frozen in liquid nitrogen and stored at -80°C prior to analyses.  
 CS, MDH, and SDH activities were measured in total tissue homogenates 
according to methods recently optimized for corals (Chapter 2). Briefly, all enzyme 
assays were conducted at 28°C on a single-cell Shimadzu UV-1280 spectrophotometer 
(Shimadzu Scientific Instruments, Maryland, USA).  For CS, the final reaction consisted 
of 2.0 mM MgCl2, 0.1 mM DTNB, 0.1 mM acetyl CoA, 80 mM Tris buffer (pH 8.0 at 
20°C), and 0.5 mM oxaloacetate. MDH assay conditions consisted of final concentrations 
of 80 mM imidazole-HCl buffer (pH 7.0 at 20°C), 100 mM KCl, 0.3 mM oxaloacetate, 
and 0.15 mM NADH. The SDH assay final concentrations were 100 mM Tris-HCl (pH 
7.0 at 20°C), 100 mM glycine, 0.3 mM Na-pyruvate, and 0.3 mM NADH. The CS 
activity was determined by monitoring the increase in absorbance at 412 nm due to the 
formation of TNB, which is a byproduct of the reaction of oxaloacetate and acetyl-CoA, 
resulting from the concomitant reaction between DTNB (5,5'-dithio-bis-[2-nitrobenzoic 
acid]) and CoA-SH. MDH and SDH activity were monitored by measuring the decreases 
in absorbance at 340 nm, which corresponds to the oxidation of NADH to NAD+.  
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All enzyme activities were standardized to total soluble protein concentration 
determined by the Bradford method (Bio-Rad Protein Assay kit, Bio-Rad Laboratories, 
Life Science Group, Hercules, California, USA) and expressed as nmol substrate per 
milligram protein per minute.  
 
Symbiodinium densities, chlorophyll a concentrations, and surface area determination 
 To determine chlorophyll a (Chl a) content, coral tissue homogenates (in 100 mM 
Tris pH 7.5) were first spun down at 13.2 RPM for 10 min to pellet Symbiodinium. 
Pellets were washed twice in 100 mM Tris (pH 7.5), and a clean 50 µl aliquot was saved 
for Symbiodinium cell counts. The remaining sample was spun down again, the 
supernatant discarded, and the pellet was resuspended in 90% acetone in the dark. After 
sonication, the acetone extract was spun down as before, and the supernatant was saved. 
Absorbance of the supernatant was measured on a Shimadzu UV-1280 spectrophotometer 
at 630 nm and 663 nm wavelengths, corresponding to the excitation and emission peaks 
of Chl a, respectively. Blanks consisting of 90% acetone were run alongside samples. 
Blank-corrected Chl a content was calculated using the equation for dinoflagellates 
described in (Jeffrey & Humphrey, 1975).  
 Symbiodinium densities were determined through cell counts on a hemocytometer 
(Hausser Phase Contrast Hemacytometer, Pennsylvania, USA) by counting four 
replicates per coral sample at 40x magnification on a binocular stereo dissecting 
microscope. Surface area (cm2) of bare skeletons was measured using the single-dip 
method using paraffin wax (Veal, Carmi, Fine, & Hoegh-Guldberg, 2010). Chl a content 
and Symbiodinium counts were normalized to surface area (cm2), and Chl a was 
additionally normalized to Symbiodinium cell counts.  
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Mortality and disease  
Corals were monitored during the course of the experiment for disease and 
mortality. There was no complete mortality in control corals, but by the end of the 
experiment, two control O. franksi colonies had partial tissue loss on one edge, and two 
control A. agaricites appeared partially diseased. Those affected regions were avoided for 
microsensor measurements. P and R rates and enzyme activities of these four control 
corals did not appear to be affected, and thus the measurements were included in the 
analyses. One A. agaricites colony and two O. franksi colonies from the temperature 
treatments experienced acute colony wide tissue sloughing and were removed from the 
experiment. However, because they appeared to be healthy prior to tissue sloughing, P 
and R measurements of these corals prior to tissue sloughing were included in analyses.  
 
Statistical analyses  
Statistical analyses of coral tissue O2 concentrations and photosynthesis and 
respiration rates were performed using with GraphPad Prism (version 7; GraphPad 
Software Inc., La Jolla, CA, USA) with a statistical significance of α set at p≤ 0.05 for all 
tests.  
Changes in daily O2 concentrations on treatment and control coral tissues during 
the experiment were analyzed using a repeated measures two-way ANOVA. Post hoc 
analyses for treatment corals were conducted using Tukey’s multiple comparison test and 
for control corals using Sidak’s multiple comparison test. Comparisons in light and dark 
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O2 concentrations between control and treatment corals at the beginning of the 
experiment were performed using unpaired t-tests.  
One-sample, two-tailed t-tests were used to examine the differences between the 
O2 concentrations in the corals, the average conditions in the surrounding seawater, and 
hypoxia thresholds.  
Statistical analyses of enzyme activity (CS, MDH, SDH) data and bleaching 
parameters (mg Chl a Sym-1, # Sym cm-2, mg Chl a cm-2, mg protein cm-2) were 
performed in R Studio (RStudio, Inc., Boston, Massachusetts, USA). Data subsetted by 
Species and Treatment (control/bleached) were evaluated for normality by comparing 
histogram distributions of the data. If they were normal, and if the assumption of equal 
variances was confirmed using an F-test, then a t-test was performed. If the data were not 
normal, and could be transformed using either a log or square root transformation, 
assumption of equal variances was tested followed by a t-test. If the non-normal data 
could not be transformed, a Wilcox test was used to test the medians. If the data 
contained many zeros (such as in the case of Symbiodinium cell counts in bleached coral 
samples), data were converted into zero/nonzero data and a binomial test was performed 
to evaluate the probability that the datasets were equal.  
All values are presented as the Mean ± S.E.M.  
 
Results 
Experimental tank conditions 
During the course of the experiment, measurements of temperature, salinity, and 
dissolved oxygen were recorded using a YSI with an oxygen probe (YSI Pro2030, Xylem 
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Brand, Ohio, USA). The average temperature in the bleaching tank was significantly 
higher than control tank (two-tailed unpaired t-test; p<0.0001). Average temperatures in 
the control and bleaching tanks were 28.5°C ± 0.1°C and 31.3°C ± 0.2°C, respectively. 
There was no difference in average salinity or DO (mg/L O2) between the two tanks 
(two-tailed unpaired t-test). Average salinity was 32.2 ppt ± 0.2 ppt in the control tank 
and 32.4 ppt ± 0.2 ppt in the bleaching tank. Average DO was 6.60 mg/L ± 0.28 mg/L in 
the control tank and 6.58 mg/L ± 0.27 mg/L in the bleaching tank.  
Five days into the experiment, there was an issue with the PAR logger in the 
control tank, and consequently there is only PAR data for both the control and bleaching 
tanks for the first five days. During the five days when both loggers were recording 
simultaneously, the PAR in the control tank was significantly higher than the PAR in the 
bleaching tank (paired t-test; p<0.0001). The 5-day average for daytime average PAR in 
the control tank was 150.66 ± 12.75 µmol photons m-2 s-1 (mean ± SEM), while it was 
93.30 ± 9.61 µmol photons m-2 s-1 (mean ± SEM) in the bleaching tank. 
 
Bleaching rates  
There was a significant difference in the time until bleaching started under 
increased temperatures in the two coral species (unpaired t-test, p<0.001). All A. 
agaricites colonies started to lose color within two days of exposure to elevated 
temperatures, while O. franksi took between 12 and 24 days to start losing pigmentation 
(Figure 3.2).  
The pattern of pigmentation loss during the thermal bleaching also differed 
between the two species. Most of the O. franksi colonies exhibited patchy bleaching 
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patterns, while most A. agaricites colonies tended to have simultaneous all-over paling 
(see Figure 3.1 for example). All colonies of both species eventually became completely 
pale.  
Inter-individual bleaching rates (amount of time to becoming fully bleached) were 
similar among A. agaricites colonies; however, O. franksi demonstrated more variable 
inter-individual bleaching rates (Figure 3.2). All A. agaricites were fully bleached within 
33 and 38 of temperature stress (average: 33.6 days) while O. franksi bleaching rates 
ranged from 33 to 55 days (average: 41.9 days).  
 
Symbiodinium, Chl a, and soluble protein 
Bleaching was caused by significant reductions in Symbiodinium densities 
(p<2.2x10-16) and chlorophyll a concentrations over the coral surface area (p<0.0005 for 
A. agaricites and p<0.001 for O. franksi) (Figure 3.3A, B). Bleaching also caused 
significant increases in the amount of Chl a per Symbiodinium cell in bleached corals 
(p<2.2x10-16 for A. agaricites and p<0.05 for O. franksi) (Figure 3.3C). Control O. 
franksi had significantly higher protein concentration compared to bleached O. franksi 
(unpaired t-test, p<0.001) and compared to control A. agaricites (unpaired t-test, p<0.05).  
 
P and R rates during thermal bleaching  
Thermal bleaching caused significant reductions in GP, RL, and RD in both coral 
species. There was a significant effect of species on GP, with O. franksi having higher 
GP than A. agaricites (2-way RM ANOVA; p<0.001). Starting GP rates in unbleached A. 
agaricites were 25.7 ± 2.1 nmol O2 cm-2 s-1 and 41.7 ± 4.1 nmol O2 cm-2 s-1 for 
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unbleached O. franksi. Partially bleached A. agaricites had GP rates of 9.571 ± 2.221 
nmol O2 cm-2 s-1, which were significantly lower than unbleached A. agaricites (2-way 
RM ANOVA; p<0.005).  Partially bleached O. franksi had GP rates of 27.5 ± 4.505 nmol 
O2 cm-2 s-1, which were not significantly different from unbleached O. franksi. Fully 
bleached O. franksi had GP rates of 8.784 ± 2.172 nmol O2 cm-2 s-1 which were 
significantly lower than partially bleached corals (2-way RM ANOVA; p<0.005). Fully 
bleached A. agaricites also exhibited lower GP rates of 2.888 ± 1.107 nmol O2 cm-2 s-1, 
but they were not significantly different from partially bleached A. agaricites.  
Similar to GP, there were significant reductions in RL in both coral species during 
and at the end of the thermal bleaching experiment. Unbleached A. agaricites and O. 
franksi had significantly higher RL of 157 ±13.57 nmol O2 cm-2 s-1 and 182.6 ± 18.02 
nmol O2 cm-2 s-1, respectively compared to partially bleached corals (2-way RM 
ANOVA; p<0.001). Partially bleached A. agaricites and O. franksi had significantly 
lower RL values of 16.18 ± 21.55 nmol O2 cm-2 s-1 and 73.24 ± 21.78 nmol O2 cm-2 s-1, 
respectively, compared to their initial values (two-way RM ANOVA; p<0.005). RL of 
fully bleached corals was -33.29 ± 2.902 nmol O2 cm-2 s-1 for A. agaricites and -18.83 ± 
11.72 nmol O2 cm-2 s-1 for O. franksi which were significantly lower than those of 
partially bleached corals (two-way RM ANOVA; p<0.005) and unbleached corals (two-
way RM ANOVA; p<0.05). 
RD was also significantly lower in fully bleached compared to unbleached 
colonies of both species (two-way RM ANOVA; p<0.05 for O. franksi and p<0.0001 for 
A. agaricites) (Figure 3.4 A,B). In A. agaricites, RD was also significantly lower in 
partially bleached versus unbleached colonies (two-way RM ANOVA; p<0.0005). There 
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was a significant effect of bleaching degree (two-way RM ANOVA; p<0.0001) and 
significant interaction (two-way RM ANOVA; p<0.05) on RD.  
Corals maintained in control conditions exhibited similar GP, RL and RD to 
unbleached corals (Figure 3.4).   
 The measured tissue thickness was 227 ± 75 µm for A. agaricites, and ~200 ± 50 
µm for O. franksi (mean ± SD).  
 
O2 concentrations in coral tissues during bleaching 
There was a gradual reduction in O2 concentration of coral tissues in the light as 
bleaching progressed and GP decreased (Figure 3.5A, C). As we predicted, unbleached 
corals exposed to light were hyperoxic compared to the surrounding seawater with 
average O2 concentration of 520.3 ± 24.48 µM O2 (mean ± SEM) in A. agaricites and 
561.3 ± 25. µM O2 (mean ± SEM) in O. franksi.  
In the light, partially bleached corals experienced tissue O2 levels similar to 
seawater, and fully bleached corals experienced a further reduction in tissue O2 
concentrations that reached hypoxia. The differences in tissue O2 levels between partially 
and fully bleached corals were statistically significant for both O. franksi and A. 
agaricites (2-way RM ANOVA; p<0.05). Partially bleached A. agaricites tissue O2 
concentrations were 228.4 ± 37.18 µM O2 (mean ± SEM) and fully bleached A. 
agaricites tissue O2 concentrations were 133.8 ± 15.98 µM O2 (mean ± SEM). Partially 
bleached O. franksi had tissue O2 concentrations of 268.7 ± 41.49 µM O2 (mean ± SEM) 
and fully bleached O. franksi had tissue O2 concentrations of 157.4 ± 12.46 µM O2 (mean 
± SEM).  
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In the dark, many coral colonies experienced anoxic and hypoxic conditions 
(Figure 3.5B, D). Tissue O2 concentrations in partially bleached corals was closer to the 
surrounding seawater, but there still some hypoxic A. agaricities, and all O. franksi 
remained hypoxic or anoxic. Fully bleached corals exhibited the highest tissue O2 levels 
in the dark, which were normoxic and significantly higher than unbleached corals (2-way 
RM ANOVA; p<0.005 for A. agaricites and p< 0.0005 for O. franksi). For A. agaricites 
in the dark, unbleached tissue O2 concentrations were 54 ± 15.98 µM O2 (mean ± SEM), 
partially bleached tissue O2 concentrations were 105 ± 25.36 µM O2 (mean ± SEM), and 
fully bleached tissue O2 concentrations were 140.3 ± 13.47 µM O2 (mean ± SEM). In O. 
franksi in the dark, unbleached tissue O2 concentrations were 18.44 ± 13.71 µM O2 
(mean ± SEM), partially bleached tissue O2 concentrations were 21.25 ± 7.741 µM O2 
(mean ± SEM), and fully bleached tissue O2 concentrations were 123.7 ± 14.33 µM O2 
(mean ± SEM). 
Tissue O2 levels in fully bleached corals were similar in the light and in the dark, 
for both species.  
Comparing the tissue O2 concentrations in control and treatment corals at the 
beginning of the experiment, there were no significant differences between control and 
treatment A. agaricites in the light and dark (t-test), but there was a significant difference 
between O. franksi control and treatment corals in the light (t-test; p<0.05); however, 
there was no difference between control and treatment O. franksi tissue O2 concentrations 
in the dark.  
 
Metabolic enzyme activities  
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There were no significant differences in any of the enzyme activities between 
bleached and control A. agaricties. Control A. agaricia and O. franksi had similar 
activities of all three enzymes. However, fully bleached O. franksi had significantly 
higher MDH and SDH activities compared to all other treatments (two-way ANOVA; 
p<0.05) (Figure 3.6). MDH activity was 1908 ± 897.9 nmol min-1 mg protein-1 in 
bleached O. franksi, which was significantly higher compared to 71.62 ± 6.864 nmol min-
1 mg protein-1 in control O. franksi (t-test; p<0.05). MDH activity was 122.8 ± 15.8 nmol 
min-1 mg protein-1 in bleached A. agaricites and 163 ± 20.27 nmol min-1 mg protein-1 in 
control A. agaricites, which was not significantly different.  
SDH activity was also significantly higher in bleached O. franksi compared to 
control O. franksi (t-test; p<0.05), with activities of 421.2 ± 133.8 nmol min-1 mg protein-
1 and 82.82 ± 10.46 nmol min-1 mg protein-1, respectively. SDH activity was 109.1 ± 
21.29 nmol min-1 mg protein-1 in bleached A. agaricites, and 134.6 ± 30.99 nmol min-1 
mg protein-1 in control A. agaricites.  
CS activity was also higher for bleached O. franksi (142.9 ± 70.76 nmol min-1 mg 
protein-1) than for control O. franksi (43.03 ± 18.11 nmol min-1 mg protein-1) but the 
increase was not significant.  CS activity in bleached A. agaricites was 40.49 ± 15.76 
nmol min-1 mg protein-1 and 34.32 ± 13.37 nmol min-1 mg protein-1 in control A. 
agaricites.  
  Three O. franksi colonies exhibited much higher activities of CS, MDH, and SDH 
than the other O. franksi control and bleached colonies, and were the same corals that 
took the longest amount of time to bleach (55 days).  
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Discussion 
Coral bleaching due to elevated temperatures is arguably the biggest threat to 
coral reefs worldwide (Hoegh-Guldberg, 1999; Hughes et al., 2017; Spalding & Brown, 
2015). This study contributed novel information about the metabolic physiology (namely 
O2 availability and energy metabolism) of two dominant Caribbean coral species, 
Agaricia agaricites and Orbicella franksi, during bleaching. The species-specific 
differences in bleaching physiology found in this study may help explain field 
observations of differential vulnerability to and recovery from bleaching.  
In general, Agaricia agaricites bleached sooner and faster than O. franksi; 
however, once fully bleached, both species had similar Symbiodinium densities and 
chlorophyll a per surface area, suggesting they have similar mechanisms of thermal 
bleaching. However, the two coral species likely have different clades of Symbiodinium, 
which can have different photophysiologies. The presence of endolithic algae in some of 
the O. franksi colonies may have contributed to their longer times to bleach and higher 
resilience compared to A. agaricites, as endolithic algae have been found to provide an 
alternate source of photosynthate during bleaching (Fine & Loya, 2002).   
During the thermal stress treatment, colonies of O. franksi had more variable 
bleaching rates than A. agaricites, as well as having more heterogeneous bleaching 
patterns within each colony. Both of these observations may be explained by the fact that 
Orbicella (previously Montastraea) has been found to host several different taxa of 
Symbiodinium dinoflagellates, which are ecologically distributed based on depth (Rowan 
& Knowlton, 1995; Toller, Rowan, & Knowlton, 2001). On the other hand, A. agaricites 
is known to only host one Symbiodinium type, C3a (LaJeunesse, 2002). Differential 
  
96 
photosynthetic efficiency of Symbiodinium types in corals influences bleaching patterns 
observed in nature and may explain differences observed in our bleaching experiment 
(Baker & Rowan, 1997; Fitt & Warner, 1995; Warner et al., 1996). 
Furthermore, the patchiness of O. franksi bleaching likely occurred because 
Orbicella can host different symbiont clades on the tops versus sides of the colonies. The 
tops of the colonies in our experiment appeared to be more bleaching resistant (Rowan, 
Knowlton, Baker, & Jara, 1997). Shallow water O. franksi, like the colonies collected for 
this study, have been found to contain Symbiodinium types A, B, C, and E, and there is 
evidence that clade E is more stress-tolerant than the others (Toller et al., 2001).  
We hypothesize that the several colonies of O. franksi that exhibited more stress 
tolerant phenotypes and physiologies were hosts to Symbiodinium E. Actual 
Symbiodinium genotyping would need to be performed to test the hypothesis that the 
presence of different dinoflagellate taxa contributed to differential bleaching 
susceptibility and different enzyme activities within O. franksi.  
Both coral species exhibited similar trends of significant reductions in gross 
photosynthesis (GP) and light respiration (RL) during their bleaching periods.  Reductions 
in net photosynthesis caused O2 concentrations in the tissues of bleached corals to be 
nearly hypoxic in light conditions, in stark contrast to unbleached corals that were 
hyperoxic in the light. Since dark measurements also showed subsaturating O2 levels in 
bleached tissues, this suggests that bleached corals are constantly experiencing 
subsaturating O2 concentrations in their tissues. Because it can take weeks for 
Symbiodinium populations to return, bleached corals may O2-deprived for weeks during 
bleaching and recovery. This has important implications because in most organisms, 
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long-term hypoxia tends to lead to reductions in aerobic metabolism and increases in 
anaerobic metabolism, at a reduced energy production efficiency.  
Our findings of severely reduced RL rates in bleached A. agaricites and O. franksi 
compared to controls suggests that bleached corals may be metabolically suppressed 
(Grieshaber, Hardewig, Kreutzer, & Pörtner, 1994). While metabolic suppression helps 
save energy in the short-term and therefore may help bleached corals to survive until 
recovery is possible, it may have long-term fitness or survival costs. Reduced metabolism 
is generally caused by down-regulation of energy-expensive processes such as protein 
synthesis (Hand & Hardewig, 1996; Langenbuch, Bock, Leibfritz, & Pörtner, 2006) and 
therefore can lead to reductions in growth and reproduction if sustained long-term (Fabry, 
Seibel, Feely, & Orr, 2008). Bleached O. franksi had significantly less soluble protein 
(per coral surface area) than controls, which could indicate a reduction in protein 
synthesis due to a hypometabolic state. Metabolic suppression due to bleaching and 
bleaching-induced hypoxia could also cause reductions in calcification rates, which are 
energetically expensive (McCulloch, D’Olivo, Falter, Holcomb, & Trotter, 2017).  
In our previous research (Chapter 2), we found that near-hypoxic O2 conditions 
in coral tissues at night led to the accumulation of the anaerobic glycolytic end product 
strombine during the first several hours at night and again at the first several hours of the 
day. Now that we have established strombine as one of the main end products of 
fermentation, the question becomes, how much do corals rely on anaerobic metabolism 
during bleaching and bleaching-induced hypoxia, and what are the metabolic and 
physiological consequences of switching to anaerobic energy production? 
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The enzyme activity results suggest O. franksi has a higher anaerobic metabolic 
capacity when bleached than A. agaricites.  Bleached O. franksi had significantly higher 
SDH activity than controls, a ~5.1-fold difference (t-test; p< 0.05). MDH activity in 
bleached O. franksi was significantly higher than in control O. franksi (~26.6-fold 
increase; t-test; p< 0.05). CS activity was ~3.3-fold higher in bleached O. franksi 
compared to control O. franksi, but this was not significant. In contrast, there were no 
differences in enzyme activities between bleached and unbleached A. agaricites.  
The significantly elevated SDH activities in bleached O. franksi suggest an 
increased importance of anaerobic energy production when this species bleaches. SDH is 
involved in anaerobic energy production in corals based on recent enzymatic and liquid 
chromatography-mass spectrometry (LC-MS) based evidence (Chapter 2) (Murphy & 
Richmond, 2016). The significantly higher MDH but not CS activities in bleached O. 
franksi implies an increased capacity of the malate-aspartate shuttle and/or 
gluconeogenesis during bleaching. This is likely because MDH is functionally diverse, 
playing roles in the TCA cycle and also the malate-aspartate shuttle and gluconeogenesis, 
while CS is only involved in the TCA cycle,. Gluconeogenesis is able to produce glucose 
from non-carbohydrate substrates, such as glycerol from lipid breakdown, glucogenic 
amino acids from protein breakdown, and from pyruvate and lactate, which were not 
found to be produced in corals (Chapter 2).  
Together, these data suggest that while both coral species experience similar 
reductions in photosynthesis and respiration during bleaching, only O. franksi can elevate 
its anaerobic glycolytic potential and may also increase utilization of non-carbohydrate 
substrates, such as lipids, glycerol, or amino acids. Because anaerobic fermentation has 
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much lower energy efficiency compared to aerobic metabolism, glycolytic rates must be 
enhanced during anaerobic conditions to compensate (e.g. the Pasteur effect). The ability 
of O. franksi to produce energy through anaerobic pathways may help it survive 
bleaching longer than A. agaricites. We can mostly rule out heterotrophy as a potential 
factor causing increases in enzyme activity because plankton availability was so low in 
the tanks, in addition to previous studies showing that a sister species, O. faveolata, does 
not tend to rely much on heterotrophy or DOC uptake, either in bleached or healthy states 
(Grottoli et al., 2014; Levas et al., 2016). However, we cannot rule out symbiont type 
switching in O. franksi as a possible mechanism for increased bleaching resistance and 
higher anaerobic capacity during bleaching than A. agaricites, which is known to host 
only one Symbiodinium clade.   
In contrast to A. agaricites and O. franksi, the aerobic capacity of Acropora 
cervicornis was greatly reduced by ~4-weeks of similar bleaching, as evidenced by 
significant reductions in CS activity, while MDH and SDH activities only slightly 
decreased (Chapter 2). A. cervicornis is considered an environmental indicator species 
due to its susceptibility to anthropogenic stressors (Greer, Jackson, Curran, Guilderson, & 
Teneva, 2009). Due to the recent collapse of the once stable A. cervicornis populations 
across the Caribbean mostly from White Band Disease related mortality (Aronson & 
Precht, 2001), this species was declared Threatened by the U.S. Department of Fish and 
Wildlife in 2007. The decline in aerobic capacity of A. cervicornis during stress may 
underlie its susceptibility to disease and mortality (Williams & Miller, 2005) and explain 
the ecological shifts from largely A. cervicornis-dominated Caribbean reefs in the 19th 
century to modern reefs that are dominated by non-branching species of Agaricia and 
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Porites (Cramer, Jackson, Angioletti, Leonard-Pingel, & Guilderson, 2012). Therefore, 
the high inter-species variability in the effects of bleaching on coral metabolic capacity 
may explain ecological trends observed over the past century.  
 O. franksi appear to be capable of increasing their anaerobic capacity during 
bleaching, which may help them compensate for reductions in their aerobic metabolic 
capacity and to survive bleaching-induced hypoxia longer than Agaricia agaricites and 
Acropora cervicornis. In contrast, A. agaricites did not demonstrate metabolic plasticity 
in response to bleaching, which may limit their ability to recover from bleaching events. 
These conclusions match ecological observations of these two species during and after 
natural bleaching events. However, bleaching caused significant had significant 
reductions in total protein amount in O. franksi, suggesting that this species may 
experience fitness costs during long-term or repeated bleaching events.  
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Figures 
 
 
Figure 3.1: Representative coral bleaching pictures. Photos of representative 
individuals of O. franksi (top 2 rows) and A. agaricites (bottom 2 rows) during the course 
of thermal bleaching, from Day 0 (unbleached) through Day 32 (fully bleached). To aid 
in visual comparisons, two colonies that bleached at the same rate were chosen. Color 
changes were visually assessed using the CoralWatch Coral Health Chart. Note the 
patchiness of O. franksi color between days 18, 23, and 30, which was a key difference in 
the bleaching patterns of the two coral species.  
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Figure 3.2: Coral color changes during thermal bleaching. Changes in coral color 
during the course of the thermal bleaching stress, using the CoralWatch Coral Health 
Chart to track changes in pigmentation, from unbleached (corresponding to a score of 6) 
to bleached (corresponding to scores between 1-2). (A) A. agaricites individuals (n=10) 
bleached at similar rates to each other, and bleached within 38 days. (B) O. franksi 
individuals (n=10) bleached at different rates, with some individuals taking up to 55 days 
to bleach. Dotted red lines show the two O. franksi individuals that died and were 
removed during temperature treatment.  
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Figure 3.3: Symbiodinium, chlorophyll a, and coral soluble protein in control and 
bleached A. agaricites (AA) and O. franksi (OF). Control coral colonies are represented 
as black square squares and bleached coral colonies as clear squares with a black outline.  
(A) Symbiodinium density standardized to coral surface area (# Sym cm-2), (B) 
Chlorophyll a content per Symbiodinium (mg Chl a Sym-1), (C) Chl a content 
standardized to the coral surface area (mg Chl a cm-2), and (D) total coral protein amount 
standardized to coral surface area (mg protein cm-2). All values are the mean ± SEM. 
Thermal bleaching caused significant reductions in Symbiodinium cell densities (A; # 
Sym cm-2) (binomial test; p<2.2x10-16) and chlorophyll a concentrations (C; mg Chl a 
cm-2) (Wilcoxon test; p<0.0005) in both coral species. Chl a concentration per cell (B; 
mg Chl a Sym-1) was significantly lower in bleached A. agaricites (binomial test; 
p<2.2x10-16) and bleached O. franksi (t-test; p<0.05) compared to controls of each 
species. Thermal bleaching resulted in a significant reduction in total soluble protein 
content in O. franksi but not A. agaricites, compared to controls (D; mg protein cm-2) (t-
test of log-transformed data; p<0.0005).  
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Figure 3.4: Respiration and photosynthesis rates of corals during thermal bleaching. 
Rates of A. Gross photosynthesis (GP; in nmol O2 cm-2 s-1), B. Net photosynthesis (Pnet; 
in nmol O2 cm-2 s-1), C. light respiration (RL; in nmol O2 cm-2 s-1), and D. dark respiration 
rates (RD; in nmol O2 cm-2 s-1) in colonies of A. agaricites (Aa) and O. franksi (Of) at 
three bleaching stages: unbleached (black squares), partially bleached (gray squares), and 
fully bleached (white squares with black border). All graphs show the mean ± SEM. 
Effects of species and treatment (bleaching level) on GP, Pnet, RL, and RD were analyzed 
using two-way repeated measures ANOVA (a=0.05). Post hoc analyses were done using 
Sidak’s multiple comparison test (different letters above bars on each graph indicate 
significant differences; a=0.05). For A. agaricites and O. franksi, GP was significantly 
lower in fully bleached compared to unbleached colonies (p<0.0001 for both species) in 
addition to between partially bleached and unbleached (p<0.005) A. agaricites and in 
fully bleached compared to partially bleached (p<0.005) O. franksi colonies. In addition 
to bleaching state being significant (p<0.001), there was also a significant species effect 
(p<0.001). Pnet was significantly higher in unbleached compared to fully bleached corals 
of both species (p<0.0001). Bleaching degree was significant (p<0.0001). In A. 
agaricites, Pnet was significantly higher in partially bleached than unbleached corals 
(p<0.0001). In O. franksi, Pnet was also significantly higher in partially bleached versus 
unbleached corals (p<0.001) in addition to between partially and fully bleached corals 
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(p<0.05). There were significant reductions in RL between unbleached and fully bleached 
states in both coral species (p<0.05). RL was significantly lower in partially bleached 
compared to unbleached corals of both species (p<0.005) and between partially bleached 
and fully bleached O. franksi (p<0.005). Bleaching degree had a significant effect on RL 
(p<0.0001). RD was also significantly lower in fully bleached compared to unbleached 
colonies of both species (p<0.05 for O. franksi and p<0.0001 for A. agaricites). In A. 
agaricites, RD was also significantly lower in partially bleached versus unbleached 
colonies (p<0.0005). There was a significant effect of bleaching degree (p<0.0001) and 
significant interaction (p<0.05) on RD.  
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Figure 3.5: O2 measurements in healthy and bleached corals in the light and dark. 
O2 concentrations (in µM) were measured with microsensors placed on the tissue surfaces 
of unbleached (black squares), partially bleached (gray squares), and fully bleached (clear 
squares with black border) coral colonies. O2 concentrations were also measured on 
control corals at the end of the bleaching experiment (data not shown). Measurements are 
shown for individuals of A. agaricites (Aa) and O. franksi (Of) held in the (A) light and 
(B) dark. All graphs show the means ± SEM (A. agaricites: n=8; O. franksi: n=8). Effects 
of bleaching on O2 concentrations were examined using repeated measures two-way 
ANOVA (a=0.05). Tukey’s multiple comparison test results indicating significant 
differences are indicated by letters and asterisks. Dotted horizontal line corresponds to 
hypoxia (62.5 µM) and the solid black line corresponds to average O2 concentrations in 
the tank (SW) in the (A) light (229 µM) and (B) dark (226 µM). In the light, O2 
concentrations were significantly higher in unbleached compared to fully bleached 
colonies of both species (p<0.0001) as well as significantly higher in unbleached 
compared to partially bleached corals (p<0.0001) and significantly higher in partially 
bleached compared to fully bleached corals (p<0.05). Bleaching degree had a significant 
effect on O2 concentrations in the light (p<0.0001). In the dark, O2 concentrations were 
significantly affected by bleaching degree (p<0.0001) and species (p<0.005).  
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Figure 3.6: Enzyme activities (in nmol mg protein-1 min-1) in control and bleached A. 
agaricites (AA) and O. franksi (OF). (A) citrate synthase (CS), (B) malate 
dehydrogenase (MDH), and (C) strombine dehydrogenase (SDH), in control (black 
squares) and bleached (clear squares with black border) A. agaricities (AA) and O. 
franksi (OF). All values are the mean ± SEM. CS data were square root transformed and 
t-tests assuming equal variances were performed. There were no significant differences in 
CS activity between any pairs of data. MDH data were log transformed, and t-tests 
assuming equal variances were performed. MDH activity of bleached O. franksi was 
significantly higher than that of control O. franksi (p<0.05). MDH activity of control A. 
agaricites was significantly higher than that of control O. franksi (p<0.005). SDH data 
for O. franksi were square root transformed before performing t-tests assuming equal 
variances. SDH activity of bleached O. franksi was significantly higher than that of 
control O. franksi (p<0.05). SDH activity of bleached O. franksi was significantly higher 
than that of bleached A. agaricites (p<0.05). Significant differences are indicated by an 
asterisk. (Of: control n=9, bleached n=8; Aa: control n=10, bleached n=9). 
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Figure 3.7: Photosynthetically active radiation in control and bleaching tanks. PAR 
levels (µmol photons m-2 s-1) in the control tank (gray line) and bleaching tank (black 
line) at the STRI Bocas Research Station, measured using Odyssey PAR Loggers placed 
in each tank recording every 60 sec. Over the five days when both loggers were recording 
simultaneously, the PAR in the control tank was significantly higher than the PAR in the 
bleaching tank (paired t-test; p<0.0001). During the experiment, the PAR logger in the 
control tank experienced a sensor issue, so there are no data in the control teank for the 
rest of the experiment. The 5-day average for daytime average PAR in the control tank 
was 150.66 ± 12.75 µmol photons m-2 s-1 (mean ± SEM), while it was 93.30 ± 9.61 µmol 
photons m-2 s-1 (mean ± SEM) in the bleaching tank.  
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Figure 3.8: Experimental tank photosynthetically active radiation. PAR levels (µmol 
photons m-2 s-1) in the control tank at the STRI Bocas Research Station, measured using 
an Odyssey PAR Logger recording every 60 sec. There were three days of missing data 
around day 14 of the temperature stress, indicated by the gap.  
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Table 3.1: Summary values from Figure 3.3 of bleaching parameters: Chlorophyll a 
content per Symbiodinium (mg Chl a Sym-1), Chl a content standardized to the coral 
surface area (mg Chl a cm-2), Symbiodinium density standardized to coral surface area (# 
Sym cm-2), and total coral protein amount standardized to coral surface area (mg protein 
cm-2) in control and bleached A. agaricites (AA) and O. franksi (OF). All values are the 
mean ± SEM.  
 
    
 AA Control AA Bleached OF Control OF Bleached 
mg Chl a / Sym 2.91x10-11 ± 1.43 
x10-11 
3.70 x10-11 ± 
1.85 x10-11 
1.27 x10-11 ± 
2.43 x10-11  
5.09 x10-11 ± 
1.25 x10-11  
mg Chl a / cm2 
 
3.31x10-6 ± 3.91 
x10-7  
1.26 x10-6 ± 
2.20 x10-7 
5.13 x10-6 ± 
9.70 x10-7  
1.60 x10-6 ± 
4.17 x10-7  
# Sym / cm2 2.66 x105 ± 6.22 
x104  
1.05 x104 ± 
5.36 x103 
4.87 x105 ± 
9.65 x104  
3.30 x104 ± 
1.35 x104  
mg protein / 
cm2 
 
0.093 ± 0.015 0.077 ± 0.010  0.163 ± 0.039  0.051 ± 0.012  
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CHAPTER 4: The Effects of Menthol-Induced Bleaching on Coral Physiology 
 
Abstract 
As coral bleaching events increase in frequency and severity around the world, 
there is an urgent need to better understand the cellular mechanisms of coral bleaching. 
Recently, it was discovered that treating cnidarians in menthol rapidly bleaches tissues 
without causing much mortality.  Menthol has thus been suggested as a simple and 
reproducible tool for laboratory-based studies, however, the mechanism by which 
menthol induces cnidarian bleaching is unknown, and whether menthol bleaching is 
physiologically similar to thermal bleaching and therefore ecologically relevant. To study 
the effects of menthol on coral physiology, we first measured O2 concentrations on the 
tissue surface of the common Caribbean coral species Agaricia agaricites and Orbicella 
franksi during menthol bleaching. We then performed assays for activities of key 
enzymes involved in aerobic and anaerobic metabolism, citrate synthase (CS), malate 
dehydrogenase (MDH), and strombine dehydrogenase (SDH), when the corals were fully 
bleached. These enzymes were chosen because they have been shown previously to be 
proxies for aerobic and anaerobic capacity. We found that menthol treatment caused 
immediate and significant reductions in tissue O2 concentrations in corals, which 
continued to decline and remained at near-hypoxic levels during the course of menthol 
treatment. Coral color also decreased, signifying Symbiodinium and/or chlorophyll loss, 
but was initiated after tissue O2 changes, suggesting that photosynthesis was significantly 
reduced prior to the loss of Symbiodinium and/or chlorophyll. This suggests that menthol 
may induce bleaching through impairment of photosynthesis, similar to the most widely 
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accepted view of thermal bleaching being initiated by Photosystem II damage in 
Symbiodinium. Previously, in Chapter 3 we showed in that thermal bleaching, which 
took approximately 30 days in Agaricia agaricites and Orbicella franksi, resulted in 
species-specific changes to aerobic and anaerobic metabolic capacity, with bleached O. 
franksi having significantly higher SDH and MDH activities, while A. agaricites did not 
exhibit enzyme activity changes. In comparison, menthol bleaching occurred much faster 
with all corals fully bleaching in 6-7 days, and menthol bleaching did not cause changes 
in the enzyme activities of either species, similar to thermally bleached A. agaricites. 
Thus, while menthol bleaching might be initiated by a disruption of photosynthesis, 
similar to natural bleaching, it does not affect host metabolism in the same way. This 
could also be a factor of differences in the amount of time it takes thermal and menthol 
bleaching to occur. The main implications of our results are that: (1) menthol is much 
more effective at bleaching corals than thermal stress, (2) menthol bleaching results in a 
different physiological/metabolic end-state as thermal bleaching, and therefore, (3) 
menthol bleaching is fundamentally different than thermal bleaching and therefore not 
ecologically relevant and results from menthol bleaching should be analyzed with caution 
when trying to relate them to natural thermal bleaching events.  
 
Introduction 
Coral bleaching is primarily caused by thermal stress (Hoegh-Guldberg et al., 
2007), but many other types of environmental stressors can also induce bleaching, 
including UV radiation alone (Gleason & Wellington, 1993; Lesser, Stochaj, Tapley, & 
Shick, 1990), or in concert with elevated temperatures (Lesser et al., 1990), as well as 
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changes in salinity, increase sedimentation and pollutant levels (Glynn, 1991). As sea 
surface temperatures rise due to anthropogenic climate change, coral reefs are at risk of 
more frequent and intense bleaching and mortality events (Carpenter et al., 2008; Hoegh-
Guldberg et al., 2007). Coral bleaching results in compromised coral health due to 
decreased availability of photosynthetically-produced sugars for nutrition (Porter, Fitt, 
Spero, Rogers, & White, 1989) and O2 levels (Chapters 2 & 3). 
In recent years, menthol has been increasingly used to in laboratory studies of 
cnidarian bleaching, once it was discovered that treatment of symbiotic cnidarians with a 
menthol solution causes a complete loss of Symbiodinium at very low mortality rates 
(Dani et al., 2016; Matthews et al., 2016; Wang, Chen, Tew, Meng, & Chen, 2012a). 
However, the mechanism by which menthol causes cnidarian bleaching is completely 
unknown and therefore the ecological and physiological relevance of menthol use for 
bleaching studies is questionable. Further complicating this is that the mechanistic causes 
of natural bleaching remain poorly understood. For thermal bleaching, the most accepted 
explanation is that damage to the photosynthetic machinery of the endosymbiotic 
Symbiodinium leads to the uncoupling of electron transport and increased production of 
reactive oxygen species (ROS) (reviewed in (Weis, 2008). To prevent oxidative damage, 
the number of Symbiodinium inside coral cells is dramatically reduced through exocytosis, 
apoptosis, necrosis and/or autophagy (reviewed in (Weis, 2008). Photoinhibition and 
reduced photosynthetic capacity have also been shown to occur in cnidarians in response 
to elevated temperature and high irradiance, but the exact role of photoinhibition in the 
initiation of bleaching is unknown (Weis, 2008). The main goal of this research was to 
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determine the similarity and differences between the physiological causes of thermal and 
menthol induced bleaching. 
Furthermore, it is unknown if the different types of stress known to cause 
bleaching act through the same mechanism. An elucidation of bleaching mechanisms is 
important for predicting how reefs might fare in response to a changing environment and 
increasing anthropogenic stressors. Likewise, information about the physiology of 
bleached corals and potential species-specific differences in vulnerability and resilience is 
essential to our understanding of observed ecological variations in bleaching. Controlled 
thermal bleaching experiments offer a great tool for helping answer this question. A 
faster, reliable method of bleaching seems tempting, however, an understanding of its 
mechanism is necessary to determine whether it is analogous to natural bleaching.   
Common laboratory techniques for bleaching cnidarians for symbiosis studies 
have included cold shock treatments (Wang & Douglas, 1997; 1999), a specific chemical 
inhibitor of photosynthesis 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) (Jones, 
2004), and warming to simulate bleaching conditions high temperatures (Coffroth, 
Poland, Petrou, Brazeau, & Holmberg, 2010). it is not about the actual temperature but 
about the number of degrees above the average temperature for that time in that region. 
Menthol is a cyclic monoterpene that occurs naturally in mint oils and acts as a 
local anesthetic in neuronal and skeletal muscles of vertebrates by blocking voltage-gated 
Na+ channels (Haeseler et al., 2002). Menthol has been shown to have anesthetic effects 
in cnidarians as well (Lauretta, Häussermann, Brugler, & Rodríguez, 2014). Some 
monoterpenes cause photoinhibition in plant chloroplasts through uncoupling the flow of 
electron between PS II and PS I (Pauly, Douce, & Carde, 1981); however they also have 
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other cytotoxic effects (Brown, Hegarty, & Charlwood, 1987). Accordingly, menthol has 
been proposed to induce coral bleaching by causing photoinhibition through Ca2+-
stimulated exocytosis of Symbiodinium (Wang, Chen, Tew, Meng, & Chen, 2012b); 
however, this hypothesis has no experimental support. While the cellular events leading 
to Symbiodinium loss from menthol are circumspect, tissue ultrastructure evidence 
suggested menthol bleaching caused an anemone host to digest its Symbiodinium, while 
thermal bleaching caused mainly apoptosis and necrosis (Dani et al., 2016). This suggests 
that menthol and thermal bleaching involve different mechanisms of Symbiodinium loss.  
In Chapter 3, I characterized the timing of thermal-induced bleaching in the 
scleractinian coral species Agaricia agaricites and Orbicella franski. I also found that 
tissue O2 levels in corals exposed to light were proportional to Symbiodinium abundance 
in both coral species, ranging from hyperoxia in healthy corals, to normoxia in partially 
bleached corals, to near hypoxia in fully bleached corals. Chapter 3 also showed 
upregulation of malate dehydrogenase (MDH) and strombine dehydrogenase (SDH) 
activities in bleached O. franski but not in A. agaricites, suggesting upregulation of 
anaerobic energy metabolism only in the former species. In this Chapter, I induced 
menthol bleaching in the same coral species and compared bleaching rates, tissue O2 
levels, and metabolic enzyme activities to those in thermally bleached corals.  
 
Methods 
Coral collection and experimental conditions  
In December 2016, 24 (~10 cm2 diameter) colonies each of healthy, unbleached 
A. agaricites and O. franksi were collected from ~6-8 m depth using SCUBA and a 
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hammer and chisel at Punta Caracol, Bahia de Almirante, Bocas Del Toro, Panama 
(9.363°N, 82.282°W). The corals were gently placed into buckets of seawater and the 
corals were quickly transported to the flow through aquarium system at the Smithsonian 
Tropical Research Institute Bocas Research Station (STRI-BRS). All required permits 
were provided by the Ministerio de Ambiente de Panamá (collection permit no. SE/A-
110-16 and export permit and CITES no. SEX/AO-3-16). Corals were allowed to recover 
for five days in flow-through tanks provided with filtered seawater (Bubble Bead® Filter, 
model BBF-XF20000, captures 100% of particles >50 microns and 48% of particles 5-10 
microns in size, New Orleans, Louisiana, USA) from Bahia de Almirante.  
 Coral colonies were placed into either the control or the treatment tank (both 76-
L). The control tank was maintained outdoors and was supplied with flow-through 
filtered seawater (fill rate ~1 min/L), and additional flow was created with an aquarium 
pump (1287 L hr-1). The treatment tank was maintained indoors, which was necessary in 
order to control the light regime during the menthol treatment (Wang, Chen, Tew, Meng, 
& Chen, 2012b) and to have stable PAR for O2 microsensor measurements. PAR levels 
were matched to average outdoors midday intensities (~557 µmol m-2 s-1) using several 
LED full spectrum, 165W light panels (VIPARSPECTRA Timer Control 165W LED 
Aquarium Light Full Spectrum, Shenzhen, China) and 2 18W bulbs (KINGBO, 18W 
LED Aquarium Light Bulb Par 38 E27, full spectrum) and 150W Techniquip fiber optic 
light sources (Techniquip FOI-150 PowerCube Halogen Illuminator 220V, Pleasanton, 
California, USA) suspended above and around the tank. Temperature was maintained at 
ambient seawater temperature (29°C) using a 300W quartz aquarium heater (Hygger 
Submersible Quartz Glass Aquarium Heater, Shenzhen, China), and aeration and mixing 
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was achieved using an air stone and an aquarium pump (1287 L hr-1; Hydor Koralia Nano 
3.5W Aquarium Circulation Pumps). 
Menthol treatment was created as described in (Wang, Chen, Tew, Meng, & Chen, 
2012b). At 8 am, water flow in the treatment tank was stopped and concentrated menthol 
(Sigma-Aldrich, St. Louis, MO, USA) was added to a final concentration of 0.58 mM in 
the tank. Treatment corals were maintained under those conditions for 8 h in the light, 
and then allowed to recover for 16 h in the dark in flow-through filtered seawater. This 
cycle was repeated daily until all corals bleached. Level of bleaching was visually 
assessed daily using the CoralWatch Coral Health Chart (Siebeck, Logan, & Marshall, 
2008). Corals were determined to be bleached when they scored 1 or 2 in the appropriate 
section of the chart for each species.   
 
O2 microsensor measurements on coral tissues 
Steady-state O2 concentrations were measured on all treatment corals the day 
before the first menthol exposure and throughout the menthol treatment. Those corals 
were kept in the treatment tank during measurements. On day 7, control corals were 
transferred one by one to an indoor tank with the same flow and light levels as the 
menthol treated corals for O2 microsensor measurements.  
O2 concentrations were measured using needle Clark-type microsensors with an 
exposed but protected tip (OX-N, Unisense; tip diameter: 1.1 mm; stirring sensitivity: 
<2%; 90% response time: <10 s). The microsensor was connected to a Multimeter 
(Unisense A/S, Aarhus, Denmark), and measurements were recorded using the Unisense 
SensorTrace Logger software (recording rate 1 s−1). The microsensor was attached to a 
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manually-operated micromanipulator (World Precision Instruments, Sarasota, Florida, 
USA) and positioned on the tissue surface at an angle of 20° relative to the vertical 
incident light (Kühl, Cohen, Dalsgaard, Jergensen, & Revsbech, 1995); contact was 
confirmed when measured O2 concentrations changed dramatically from the seawater. 
Measurements were conducted on the coenosarc to minimize interference from polyp 
movement (Kühl et al., 1995). Before daily use, microsensors were linearly calibrated 
against air-saturated seawater at the experimental temperature in anoxic water (0.1 M 
sodium ascorbate + 0.1 M sodium hydroxide). Once the microsensor was positioned on 
the coenosarc, corals were allowed to incubate until steady-state O2 fluxes were achieved 
(usually around 10 min).  
 
Enzyme activity and protein assays 
Corals were removed from the tanks in the morning of Day 7, flash frozen in 
liquid N2 and stored at -80°C prior to homogenization. Tissue was removed by 
airbrushing the corals with 100 mM Tris (pH 7.5). Tissue slurries were homogenized 
further on ice with a handheld electronic tissue grinder (IKA Dispergierstation T8.10 
Ultra-Turrax Werke 25000 RPM) and then immediately re-frozen in liquid N2 and stored 
at -80°C prior to analyses.  
 Activities of key, rate-limiting enzymes involved in metabolic pathways were 
measured on a single-cell Shimadzu UV-1280 spectrophotometer. Citrate synthase (CS) 
catalyzes the first step of the tricarboxylic acid (TCA) cycle and is often used as an 
indicator of the potential for aerobic metabolism. Malate dehydrogenase (MDH) is a 
functionally diverse enzyme, with roles in the TCA cycle, malate-aspartate shuttle, 
  
127 
gluconeogenesis, and others. Strombine dehydrogenase (SDH) catalyzes the formation of 
strombine from pyruvate and glycine; this is a key step in fermentative glycolysis so SDH 
is a proxy for anaerobic metabolic potential (Chapter 2).  
CS, MDH, and SDH activities were measured using the methods detailed in 
Chapter 3 and expressed as nmol mg protein-1 min-1.  
 
Symbiodinium density, chlorophyll a concentration, protein concentration, and surface 
area determination 
 Symbiodinium counts (# Sym), chlorophyll a content (mg Chl a), coral skeletal 
surface area (cm-2), and protein content (mg protein) were determined using the same 
methods detailed in Chapter 3.  
 
Statistical analyses 
Differences in daily O2 concentrations on treatment coral tissues during the 
experiment were analyzed using repeated measures ANOVA (RM-ANOVA, a=0.05). 
Post hoc analyses were conducted using Sidak’s multiple comparison test. The 
differences in O2 concentrations between the coral tissues, the surrounding seawater, and 
the threshold for hypoxia (62.5 µM O2 concentration) were analyzed using two-tailed, 
one sample t-tests (a=0.05).   
Statistical analyses of enzyme activity (CS, MDH, SDH) data and bleaching 
parameters (mg Chl a Sym-1, # Sym cm-2, mg Chl a cm-2, mg protein cm-2) were 
performed in R Studio (RStudio, Inc., Boston, Massachusetts, USA). Data subsetted by 
Species and Treatment (control/bleached) were evaluated for normality by comparing 
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histogram distributions of the data. If they were normal, and if the assumption of equal 
variances was confirmed using an F-test, then a t-test was performed. If the data were not 
normal, and could be transformed using either a log or square root transformation, 
assumption of equal variances was tested followed by a t-test. If the non-normal data 
could not be transformed, a Wilcox test was used to test the medians. If the data 
contained many zeros (such as in the case of Symbiodinium cell counts in bleached coral 
samples), data were converted into zero/nonzero data and a binomial test was performed 
to evaluate the probability that the datasets were equal.  
All values are presented as the Mean ± S.E.M.  All graphs of data were made in 
GraphPad Prism (version 7; GraphPad Software Inc., La Jolla, CA, USA).  
 
Results 
Menthol induced rapid bleaching in corals 
On Day 0, immediately before inundation with the menthol solution, all treatment 
corals had the highest color level of 6 on the CoralWatch Coral Health Chart. All A. 
agaricites and some O. franksi started to lose color after the first day (Day 1) of menthol 
treatment (Figure 4.1). All corals steadily lost color throughout the experiment, and were 
bleached (level 1 or 2) on Day 7. On the last day of O2 measurements of treatment corals 
(Day 6), the average color level of A. agaricites was 2.08 ± 0.08 (mean ± SEM) and the 
O. franksi average was 1.58 ± 0.15 (mean ± SEM). On the day of sampling (Day 7), the 
average color level of A. agaricites was 1.67 ± 0.11 (mean ± SEM) and that of O. franksi 
was 1.0 ± 0 (mean ± SEM).  
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There was a significant difference in the time until bleaching started under 
increased temperatures in the two coral species (unpaired t-test, p<0.05). All A. agaricites 
colonies started to lose color within 1 ± 0 days (n=6) of menthol treatment, while O. 
franksi took 1.83 ± 0.31 days (n=6) to start losing pigmentation (Figure 4.1).  
 
Physiological parameters of bleaching 
Menthol bleaching caused significant declines in Symbiodinium densities (# Sym 
cm-2) and chlorophyll a concentrations (mg Chl a cm-2) in both coral species (# Sym cm-2: 
A. agaricites: t-test of log-transformed data, p<0.05; O. franksi: proportion test, p< 2.2 x 
10-16) (mg Chl a cm-2: A. agaricites: Wilcoxon test, p<0.05 and O. franksi: Wilcoxon test, 
p<0.005) (Figure 4.2A,C).  
Symbiodinium densities in control A. agaricites were 8.18 x 105 ± 4.29 x 105 # 
Sym cm-2 and were 6.13 x 104 ± 2.35 x 104 # Sym cm-2 in bleached A. agaricites. Control 
O. franksi had 8.50 x 105 ± 1.92 x 105 # Sym cm-2, while bleached O. franksi had 3.01 x 
103 ± 2.21 x 103 # Sym cm-2. Chlorophyll a concentrations in control A. agaricites were 
6.82 x 10-6 ± 3.60 x 10-6 mg Chl a cm-2, and in bleached A. agaricites were 1.03 x 10-6 ± 
1.94 x 10-7 mg Chl a cm-2.  
Control O. franksi had chlorophyll a concentrations of 7.83 x 10-6 ± 1.22 x 10-6 mg Chl a 
cm-2, and bleached O. franksi had 1.40 x 10-6 ± 1.86 x 10-7 mg Chl a cm-2.  
Menthol bleached O. franksi had significantly less Chl a per cell (mg Chl a cell-1) 
than control O. franksi (binomial proportion test, p< 2.2 x 10-16), while there was no 
difference in Chl a cell-1 between control and menthol bleached A. agaricites (Figure 
4.2B). Control A. agaricites had 1.03 x 10-11 ± 1.83 x 10-12 mg Chl a cell-1, and bleached 
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A. agaricites had 9.19 x 10-11 ± 6.28 x 10-11 mg Chl a cell-1. Control O. franksi had 1.12 x 
10-11 ± 3.26 x 10-12 mg Chl a cell-1, and bleached O. franksi had 7.64 x 10-11 ± 6.27 x 10-11 
mg Chl a cell-1. 
Menthol bleached A. agaricites had significantly lower soluble protein 
concentrations (mg protein cm-2) than control A. agaricites (t-test of log transformed data, 
p<0.01), while there was no difference between control and menthol bleached O. franksi 
(Figure 4.2D). Control A. agaricites had 0.195 ± 0.081 mg protein cm-2, and bleached A. 
agaricites had 0.033 ± 0.005 mg protein cm-2.  
Control O. franksi had 0.112 ± 0.024 mg protein cm-2, and bleached O. franksi 
had 0.119 ± 0.034 mg protein cm-2. 
 
Net O2 production was drastically reduced during menthol bleaching 
 O2 concentrations on the coral coenosarc tissues were hyperoxic on Day 0, and 
were significantly reduced to near-saturated levels on Day 1 of menthol treatment 
(Figure 4.3). On Day 0, O. franksi had 807.9 ± 89.27 µM O2 and A. agaricites had 724.1 
± 59.35 µM O2. By Day 2, tissue O2 concentrations of both species were below-saturation 
and remained at near-hypoxic levels for the duration of the treatment. By Day 6, O. 
franksi had 119.7 ± 29.11 µM O2 and A. agaricites had 162.5 ± 27.29 µM O2. O2 
concentrations of treatment corals at Day 0 and on control corals at Day 7 were not 
significantly different from each other (Figure 4.3).  On Day 7, control A. agaricites had 
667.45 ± 60.86 µM O2 and control O. franksi had 704.05 ± 42.04 µM O2.  
 
Enzyme activities  
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Menthol bleached A. agaricites had significantly higher MDH and SDH activities 
than control A. agaricites (Figure 4.4) (MDH: two-sample t-test, p<0.0005; SDH: 
Wilcoxon test, p<0.05), while there was no significant difference in MDH and SDH 
activities between control and bleached O. franksi. Control A. agaricites had 133.7 ± 16.1 
nmol mg protein-1 min-1 MDH activity, while bleached A. agaricites had 345.9 ± 39.32 
nmol mg protein-1 min-1 MDH activity. Control O. franksi had 492.9 ± 114.3 nmol mg 
protein-1 min-1 MDH activity, and bleached O. franksi had 642.5 ± 168.2 nmol mg 
protein-1 min-1 MDH activity. Control A. agaricites had 106.7 ± 34.5 nmol mg protein-1 
min-1 SDH activity, while bleached A. agaricites had 318.5 ± 66.14 nmol mg protein-1 
min-1 SDH activity. Control O. franksi had 241.9 ± 117.2 nmol mg protein-1 min-1 SDH 
activity, and bleached O. franksi had 167.4 ± 40.42 nmol mg protein-1 min-1 SDH 
activity.  
CS activities were not detected in control or bleached corals of either species. 
This was surprising because CS activity was fairly high in specimens from these two 
coral species collected around the same place and only one month earlier (Chapter 3). 
Samples of extra coral samples from experiments from Chapters 2 and 3 were run 
alongside these samples and showed CS activities comparable to previous values reported 
in Chapters 2 and 3, ruling out issues with the assay conditions. Furthermore, MDH and 
SDH activities were comparable to previous studies, ruling out sample degradation. 
While we were unable to determine the reason for the undetectable CS activity in these 
samples, it could be due to biological variability within these species.  
 
Discussion 
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Menthol effectively and rapidly caused non-lethal bleaching in the two coral 
species A. agaricites and O. franksi, similar to previous reports for other cnidarians (e.g. 
(Dani et al., 2016; Matthews et al., 2016; Wang, Chen, Tew, Meng, & Chen, 2012a)). 
Menthol treatment caused A. agaricites to start bleaching significantly earlier than O. 
franksi (unpaired t-test, p<0.05), but after six days of treatment, all coral colonies were 
fully bleached and had significantly lower Symbiodinium densities (# Sym cm-2: A. 
agaricites: t-test of log-transformed data, p<0.05; O. franksi: proportion test, p< 2.2 x 10-
16). Menthol treatment also caused significant reductions in chlorophyll a concentrations 
per cell in O. franksi compared to control O. franksi (binomial proportion test, p< 2.2 x 
10-16), while there was no affect in A. agaricites. Thus, the loss of coloration by the end 
of the experiment was due to loss of Symbiodinium alone for A. agaricites and due to loss 
of Symbiodinium and chlorophyll a in O. franksi. In comparison to thermal stress, which 
took 33-55 days to cause bleaching to occur in the same two coral species (~+3°C from 
ambient temperatures which was similar to temperatures experienced in a natural 
bleaching event) (Chapter 3), menthol caused bleaching to occur much faster.  In 
contrast, a previous study using another symbiotic cnidarian, Anemonia viridis, found 
thermal stress was faster at causing bleaching than menthol (Dani et al., 2016); however, 
the increase in temperature was 10oC so those results are not comparable to our study. 
Another interesting observation from our studies was that A. agaricites started to bleach 
sooner than O. franski both during both menthol (this chapter) and thermal bleaching 
(Chapter 3), indicating greater susceptibility to bleaching regardless of the type of stress 
causing bleaching. 
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While the progression of bleaching (estimated using color changes) occurred 
gradually over the six-day menthol treatment, the reduction in coral tissue O2 
concentrations was immediate. Menthol-treated corals from both species reached near-
hypoxic (62.5 µM) levels after only one or two days of treatment, and remained at near-
hypoxic O2 concentrations throughout the six-day menthol treatment. The reduction in 
tissue O2 concentrations prior to the loss in coral color indicates that photosynthesis was 
disrupted prior to actual Symbiodinium loss. It has been previously suggested that 
menthol causes bleaching through Ca2+-stimulated exocytosis (Pang & Südhof, 2010; 
Wang, Chen, Tew, Meng, & Chen, 2012a), but preliminary experiments by Wang et al. 
(2012) also suggest menthol may inhibit Symbiodinium photosystem II activity. Further 
studies are needed to elucidate the specific effects of menthol on Symbiodinium 
photosynthesis, but the results of this study support the hypothesis of menthol inhibition 
of photosystem II.  
In addition, the menthol bleaching had different species-specific effects on 
metabolic enzyme activities than thermal bleaching. While thermal bleaching induced 
significant increases in MDH and SDH activities in O. franksi (but not in A. agaricites) 
(Chapter 3), menthol bleaching caused significant increases in MDH and SDH activity 
in A. agaricites but not O. franksi. This is possibly due to menthol and thermal stress 
having different physiological effects on corals. It is also possibly it was because our 
controls were not maintained at the same light conditions or the same light-dark cycles as 
the treatment corals. The treatment corals were in an 8 hr artificial light and 16 hr dark 
cycle, while the control corals were in natural light. Thus, while the menthol method may 
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be a good tool to study how changes in Symbiodinium photobiology induce bleaching, it 
may not be adequate for studying the responses of host cell biology to natural bleaching.  
A previous study reported that menthol bleaching induced an increase in MDH 
activity in Stylophora pistillata, but not in Isopara palifera (Wang, Chen, Tew, Meng, & 
Chen, 2012a).  Additionally, menthol bleaching did not induce significant changes in 
dark respiration in either coral species, suggesting there were no effects on aerobic 
metabolism. Furthermore, I. palifera, but not S. pistillata, demonstrated significant 
reductions in the activity of glutamate dehydrogenase (GDH) and total and essential free 
amino acid pools. Results from that study suggest species-specific adjustments to 
menthol bleaching whereby I. palifera modifies amino acid metabolism, and S. pistillata 
up-regulates anaerobic energy metabolic pathways (Wang, Chen, Tew, Meng, & Chen, 
2012a).   
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Figures  
 
Figure 4.1: Coral color score changes during menthol bleaching. The CoralWatch 
Coral Health Chart was used to score coral color changes during the experiment.  Color 
scores in colonies of (A) A. agaricites (n=6) and (B) O. franksi (n=6) during menthol 
bleaching. At Day 0, all colonies were healthy/unbleached (score of 6) and steadily 
bleached throughout the menthol treatment. Corals were fully bleached (score of 1-2) by 
Day 7, when they were removed from the experiment.  
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Figure 4.2: Coral bleaching parameters in control and menthol bleached A. 
agaricites (AA) and O. franksi (OF). Control coral colonies are represented as black 
square squares and bleached coral colonies as clear squares with a black outline.  (A) 
Symbiodinium density standardized to coral surface area (# Sym cm-2), (B) Chlorophyll a 
content per Symbiodinium (mg Chl a Sym-1), (C) Chl a content standardized to the coral 
surface area (mg Chl a cm-2), and (D) total coral protein amount standardized to coral 
surface area (mg protein cm-2). All values are the mean ± SEM. Menthol bleaching 
caused significant reductions in Symbiodinium cell densities (A; # Sym cm-2) (AA: t-test, 
p<0.05; OF: binomial test; p<2.2x10-16) and chlorophyll a concentrations (C; mg Chl a 
cm-2) (Wilcoxon test; p<0.05 for AA and p<0.005 for OF) in both coral species. Chl a 
concentration per cell (B; mg Chl a Sym-1) was significantly lower in bleached O. franksi 
(binomial test; p<2.2x10-16) but not bleached A. franksi compared to controls. Menthol 
bleaching resulted in a significant reduction in total soluble protein content in A. 
agaricites but not O. franksi, compared to controls (D; mg protein cm-2) (t-test of log-
transformed data; p<0.01).  
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Figure 4.3: O2 microsensor measurements on coral tissues during menthol 
bleaching. O2 concentrations (µM) were measured on tissues of (A) A. agaricites (n=6) 
and (B) O. franksi (n=6) before initiating menthol bleaching (Day 0) (all coral O2 data 
shown as mean ± SEM). O2 measurements on corals kept in control seawater conditions 
were performed on Day 7 and are shown as a point on the same graphs as the treatment 
corals (n=6 controls per species). O2 concentrations in the menthol treatment tank were 
measured in between measurements performed on corals during the 8 h menthol 
incubation in the light, and the experimental average is shown the graphs (solid gray 
line). Dotted lines show O2 values for hypoxia (62.5 µM) and anoxia (6.25 µM).  
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Figure 4.4: Metabolic enzyme activities of control and menthol bleached corals. (A) 
Malate dehydrogenase (MDH) and (B) strombine dehydrogenase (SDH) activities of 
control and menthol bleached A. agaricites (AA) and O. franksi (OF) (nmol mg protein-1 
min-1). Control corals are shown as black squares and bleached corals are shown as clear 
squares with a black border. All graphs show the mean ± SEM. MDH data were log 
transformed, and t-tests assuming equal variances were performed. MDH and SDH 
activities were significantly higher in bleached A. agaricites than control A. agaricites 
(MDH: t-test, p<0005; SDH: Wilcoxon test, p<0.05). There no significant differences 
in MDH and SDH activities for bleached and control O. franksi. Citrate synthase (CS) 
activity was not detected in any of the samples and is not shown. Significant differences 
are indicated by an asterisk. 
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CHAPTER 5: Detecting Diel Patterns in Coral Metabolism Using Untargeted Proteomic 
and Metabolomic Approaches 
 
Abstract 
Corals can change several essential physiological processes such as 
photosynthesis, respiration, calcification, and antioxidant defenses, in response to daily 
fluctuations in the amount of light, O2, and nutrients they receive.  Coral energy 
metabolism most likely should also change on a diel basis, however, there are very few 
studies on this topic. Recently, we found that the enzymatic activity of malate 
dehydrogenase and strombine dehydrogenase did not significantly change between day 
and night, while citrate synthase activity increased at night (Chapter 2). Yet because the 
assay methods measure maximum enzyme activity, they do not reflect instantaneous 
fluxes through these pathways. In addition, other yet-unexplored coral metabolic 
pathways are likely to change as well. Thus, we took an untargeted approach to look for 
changes in the amounts and types of proteins (proteomics) and primary metabolites 
(metabolomics) present in corals and their Symbiodinium during the day and night. Using 
2-dimensional gels coupled with mass spectrometry, we identified 15 proteins (including 
isotopes) involved in glycolysis, TCA cycle, oxidative phosphorylation, and anaerobic 
metabolism in corals and Symbiodinium. However, there were few changes in metabolic 
protein abundance between day and night. Using liquid chromatography coupled to 
tandem mass spectrometry (LC-MS/MS) and activity network algorithms to predict 
significant metabolites and pathways, we found several putative metabolites whose 
abundance changed markedly between day and night. Specifically, we found significant 
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down-regulation at night of multiple putative metabolites involved in the TCA cycle, as 
well as up-regulation of putative metabolites involved in the glyoxylate cycle and in the 
anaerobic energy pathway leading to succinate/propionate production. However, MS/MS 
studies are needed to confirm metabolite identities. Taken together, the untargeted 
proteomics and metabolomics results suggest that daily metabolic regulation in corals 
most likely occurs through post-transcriptional and post-translational modifications as 
opposed to changes in protein amounts. Untargeted approaches have several limitations, 
namely low identification rates, high time and financial costs, and the need for complex 
bioinformatics analyses. However, they were useful for identifying candidate pathways 
involved in the regulation of coral daily energy metabolism. In particular, the glyoxylate 
cycle, the pentose phosphate pathway, and the anaerobic succinate/propionate pathway 
should be further studied in future targeted studies.  
 
Introduction 
 Diel patterns in light and O2 availability are primary drivers of many aspects of 
coral physiology and biology. Because light supports photosynthesis, it influences corals’ 
supply of sugars and trace nutrients from Symbiodinium during the day (reviewed in 
(Tresguerres et al., 2017). In addition, the cycles of net photosynthesis during the day and 
net respiration at night influence O2 concentrations in the corals’ microenvironment 
(Chapter 2; (Gardella & Edmunds, 1999; Kühl, Cohen, Dalsgaard, Jergensen, & 
Revsbech, 1995; Shashar, Cohen, & Loya, 1993). Accordingly, many biological 
processes in the coral host and its symbionts exhibit diel cycles, which have been shown 
through measurements of mRNA levels, rates of cell division, energetics, and behavior 
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(Brady, Snyder, & Vize, 2011; Levy et al., 2011; Sweeney, 1976; Wilkerson, Muller, & 
Muscatine, 1983).  
The daily rhythms in coral biology that are most pronounced and have therefore 
received the greatest attention are photosynthesis (e.g. (Chalker & Taylor, 1978) and 
light-enhanced calcification (reviewed in (Allemand, Tambutté, Zoccola, & Tambutté, 
2011).  However, the extreme fluctuations in O2 concentrations and irradiance levels 
between day and night likely affect multiple coral metabolic processes. For example, 
hyperoxia and greater sugar availability in coral tissues during the day promotes 
conditions for aerobic metabolism, while near-hypoxic conditions in coral tissues and 
reductions in photosynthate translocation to host tissues at night favor metabolic 
suppression and anaerobic energy production. Furthermore, hyperoxia in the light can 
also lead to oxidative damage in symbiotic cnidarians, which has been correlated to 
measurements of up-regulated antioxidant defenses during the day (Lesser, 1997). 
Physiological acclimation is achieved through regulating one or more levels of 
cellular biology: gene transcription that affects mRNA levels, mRNA translation that 
determines protein amount, and post-translational and other transcript-independent 
modifications that modulate the activities of pre-existing proteins (Somero, 2012; 
Tomanek, 2011). The biological coordination of these processes allows specific cells, 
tissue types, and organisms to fine-tune their physiological responses to metabolic and 
environmental perturbances. The rapidly developing fields of “–omics” (transcriptomics, 
proteomics, metabolomics) offer tools to aid in the identification of large-scale responses 
of organisms to environmental changes, determine the levels of biological control, and 
develop hypothesis-driven targeted studies.  
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While in theory these –omics analyses are complementary to each other, in 
reality, mismatches in the magnitude and direction of changes are common. In general, 
mRNA transcript level variations explain less than half of the variation in protein 
abundance (Feder & Walser, 2005). On the other hand, proteins and metabolites are the 
sum of the molecular phenotype of the cell, and therefore better reflect organismal 
physiology at the time of sampling.  
In controlled laboratory settings, O2 concentrations in coral tissues have been 
shown to respond almost instantaneously to lights turning on or off (Chapter 2; (Kühl et 
al., 1995). However, light availability is much more variable and changes rapidly on coral 
reefs, due to the passing of clouds/storms, wave dissipation/scattering of light, turbidity 
changes, and other dynamic factors (reviewed in (Roth, 2014). Thus, many aspects of 
coral physiology are likely undergoing nearly instantaneous rate adjustments throughout 
the day, in addition to larger-scale adjustments between day and night. I hypothesize that 
regulation of diel coral metabolism and physiology primarily involves rapid and 
energetically “cheap” adjustments, probably through modifications of existing proteins 
and substrates, as protein synthesis and degradation are some of the most energetically 
demanding cellular processes (Hochachka, Buck, Doll, & Land, 1996).  
A number of studies have attempted to characterize diel coral physiology by 
exploring gene expression (Bertucci, Forêt, Ball, & Miller, 2015; Hoadley, Szmant, & 
Pyott, 2011; Levy et al., 2011; Ruiz-Jones & Palumbi, 2015; 2017). In general, these 
studies have found suites of genes that are differentially expressed between day and 
night, many of which encode for proteins involved in photosynthesis, calcification, and 
antioxidant defenses, with a minority of these differentially expressed genes encoding for 
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proteins involved in metabolism. However, there are essentially no studies linking 
changes in daily gene expression to coral holobiont phenotype. There is a great need for 
more functional studies of daily changes in coral physiology, as understanding the basic 
biology of corals is central to predicting how they will respond to environmental changes.  
The tools for the untargeted survey of large sets of proteins (proteomics) and 
small compounds (metabolomics) in organisms and specific tissue/cell types are 
developing rapidly; however, there have been very few applications of untargeted 
metabolomics and proteomics on the study of changes in diel coral biology. Untargeted 
metabolomics profiling using gas-chromatography or liquid-chromatography coupled to 
mass spectrometry (GC-MS and LC-MS) has been used to detect primary metabolites 
(i.e. lipids, glucose, amino acids) important in establishing the cnidarian-dinoflagellate 
symbiosis (Burriesci, Raab, & Pringle, 2012; Hillyer et al., 2017; Hillyer, Tumanov, 
Villas-Bôas, & Davy, 2016; Sogin, Putnam, Anderson, & Gates, 2016).  
Yet, to my knowledge, untargeted metabolomics has not been used to study diel 
rhythms in coral biology. There has been a single untargeted proteomics study of day-
night changes in a cnidarian, which observed large-scale changes in protein abundance on 
2-dimensional electrophoretic gels in two coral species; however, they did not use MS to 
identify any proteins, thus rendering a biological interpretation of the results impossible 
(Hilton, Brady, Spaho, & Vize, 2012).  
In order to help fill the growing need for more large-scale functional studies of 
coral biology, one aim of this study was to explore the practicality of using untargeted 
proteomic and metabolomic approaches for detecting diel rhythms in coral holobiont 
(primarily host and Symbiodinium) physiology. In order to compare these results to 
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findings in the previous chapters, I focused the analyses on proteins and putative 
metabolites involved in aerobic and anaerobic metabolism. However, I also present data 
showing a number of other significantly differentially expressed proteins and compounds 
that are worth further exploration in future targeted studies. 
 
Methods 
Coral sampling and preparation for metabolomics and proteomics 
Aliquots of Acropora yongei tissue homogenates from the diel experiment 
explained in Chapter 2 were used for this study. Briefly, branches of A. yongei were 
maintained in a heated, flow-through seawater tank in the Hubbs Research Aquarium at 
the Scripps Institution of Oceanography on a 12h:12h light:dark cycle, while diel O2 
measurements were repeated on the coral tissue surfaces. After 6 weeks, 7-8 coral 
branches were removed at different time intervals and flash frozen in liquid N2. The 
collection times were 1 hr before the lights turned on (6:40am, “end-night”), and every 4 
hr after (“morning” = 10:40am, “midday” = 2:40am, “end-day” = 6:40pm, “beginning 
night” = 10:40pm, “midnight” = 2:40am) for 24 hr. Total holobiont tissue homogenates 
(i.e. containing coral host, Symbiodinium, and any associated microbes) were airbrushed 
with 100 mM Tris (pH 7.5) and then homogenized on ice.  Total tissue homogenates 
were kept frozen at -80°C prior to further preparation steps for untargeted proteomics and 
metabolomics.    
 
Sample preparation for untargeted proteomics: 
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Aliquots of frozen tissue homogenates from the diel study were transported to the 
California Polytechnic State University (Cal Poly) on dry ice for 2D gel and MS coupled 
proteomics using the general workflow (sample preparation, 2D gels, and mass 
spectrometry procedures) summarized in (Tomanek & Zuzow, 2010) and described in 
detail below.  
To solubilize and precipitate proteins out of the samples prior to separating them 
on 2D gels, active homogenization buffer [7 M urea, 2 M thiourea, 2% CHAPS 
(cholamidopropyl-dimethylammonio-propanesulfonic acid), 2% NP-40 (nonyl 
phenoxylpolyethoxylethanol-40), 0.002% Bromophenol Blue, 0.5% IPG buffer, and 
100 mM dithioerythritol] was added to each thawed tissue homogenate (1.2:1 v:v), 
vortexed, and allowed to sit at room temperature to solubilize proteins. Samples were 
split into aliquots and 10% trichloroacetic acid in acetone was added to each (4:1 v:v), 
and stored at -20°C overnight to precipitate proteins. The next day, samples were 
centrifuged at 4°C at 18,000 g for 15 min. The supernatant was decanted, and the 
remaining protein pellets were washed with 100% ice-cold acetone, vortexed, and spun 
down at the same conditions as before. Active rehydration buffer (0.40 mL) was added to 
an aliquot of washed, precipitated proteins and passed through the other aliquots to 
concentrate proteins from the same sample.   
Protein assays were run on the precipitated, concentrated samples using the 2D 
Quant Kit (GE Healthcare) to determine the amount of active rehydration buffer to add in 
order to load 400 µg of protein per gel for Coomassie staining. After running Coomassie 
gels, it was determined that an additional protein precipitation step was required to ensure 
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proteins separated in the 1st dimension. Thus, protein samples were twice-precipitated, 
and 350 µg protein were loaded onto IPG strips for later SYPRO staining.  
 
Two-dimensional gel electrophoresis: 
 Two sets of 2D gels were run on the same coral homogenates, under different 
isoelectric focusing conditions and gel stains to cover as much of the coral proteome as 
possible. The first set of gels (hereafter referred to as Coomassie gels) were run with a 
broad pH range (pH 3-10) and the typical protein stain, Coomassie Blue dye, in order to 
capture as much of the coral proteome as possible. Because most proteins clustered in the 
middle-pH range of the Coomassie-stained gels and were difficult to resolve, a second set 
of gels were run with a narrower isoelectric focusing range (pH 4-7) and stained with the 
highly sensitive fluorescent dye, SYPRO Ruby (hereafter referred to as SYPRO gels).  
To run the first gel dimension (separation of proteins by isoelectric point, pI) 
isoelectric focusing for both gel sets started with a passive rehydration step (5 hr), 
followed by 12 hr of active rehydration (50 V) using an isoelectric focusing cell (BioRad, 
Hercules, CA, USA). The following running conditions were used during the isoelectric 
focusing run: 500 V for 1 hr, 1000 V for 1 hr and 8000 V for 2.5 hr (all changes occurred 
in rapid mode). Following isoelectric focusing, gel strips were frozen at –80°C. 
To run the second gel dimension (separation of proteins by molecular mass), 
frozen IPG strips were thawed and incubated in equilibration buffer [375 mM Tris-base, 
6 mM urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), 0.0002% Bromophenol 
Blue] for 15 min, first with 65 mM dithiothreitol and then, after decanting the solution, 
with 135 mM iodoacetamide in equilibration buffer. IPG strips were placed on top of an 
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11.8% polyacrylamide gel with a 0.8% agarose solution containing Laemmli SDS 
electrophoresis buffer (25 mM Tris-base, 192 mM glycine, 0.1% SDS). Gels were run at 
200 V for 55 min with a recirculating water bath set at 10°C using Criterion Dodeca cells 
(BioRad).  
The first set of gels (pH 3-10) were stained with colloidal Coomassie Blue dye 
(G-250) (Thermo Fisher Scientific, Waltham, MA, USA) overnight on a shaker and 
destained by washing repeatedly with Milli-Q water for at least 48 hr. The second set of 
gels (pH 4-7) was fixed stained in 7% acetic acid/50% methanol and stained with SYPRO 
Ruby stain (Invitrogen, Carlsbad, CA, USA) in covered containers overnight. SYPRO gel 
destaining was done in 10% methanol and 7% acetic acid.   
The Coomassie-stained gels were scanned with an Epson 1280 transparency 
scanner (Epson, Long Beach, CA, USA), and the SYPRO Ruby-stained gels were 
scanned in the dark with a Typhoon Trio+ Imager (GE Healthcare, Piscataway, NJ, USA) 
at 700 pmt voltage and a laser path of 50 µm. 
 
Gel image analysis: 
Digitized images of Coomassie and SYPRO gels were analyzed with Delta2D 
image software (version 3.6; Decodon, Greifswald, Germany). Based on proteins in some 
samples not fully separating during isoelectric focusing, six gels from the Coomassie set 
and one from the SYPRO set were excluded from warping and analysis. The remaining 
gels were compared with each other using the group warping strategy by creating match 
vectors between the gels within a treatment group and then the first gels between each 
treatment (see Figure 5.1 for comparison of matched Coomassie and SYPRO gels). All 
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images from each gel group were fused into a composite image (i.e. “proteome map”), 
which represents mean volumes for each protein spot. The proteome map was used to 
detect spot boundaries, which were subsequently transferred back to all gel images using 
previously generated match vectors. After background subtraction, protein spot volumes 
were normalized against total spot volume of all protein spots of the first gel image in the 
set (normalized spot volumes, NSVs). 
 
Mass spectrometry for proteomics: 
Following statistical analyses in D2D, all visually detectable proteins were 
excised from representative gels of the Coomassie and SYPRO gel sets using a tissue 
puncher (Beecher Instruments, Prairie, WI, USA). The excised gel plugs were destained 
by two washes with 25 mM ammonium bicarbonate in 50% acetonitrile before 
dehydration with 100% acetonitrile and subsequent digestion with 11 ng µl-1 trypsin 
(Promega, Madison, WI, USA) overnight at 37°C. Digested proteins were extracted in an 
elution buffer [0.1% trifluoroacetic acid (TFA): acetonitrile 2:1] and concentrated in a 
SpeedVac (Thermo Fisher Scientific, Waltham, MA, USA). The digested proteins in 
elution buffer were mixed with 5 µL of matrix solution (0.2 mg mL–1 α-Cyano-4-
hydroxycinnamic acid in acetonitrile) and spotted on an Anchorchip® target plate 
(Bruker Daltonics Inc., Billerica, MA, USA). Proteins spotted to the target were washed 
with 0.1% TFA in 10 mM ammonium phosphate and re-crystallized using an 
acetone:ethanol:0.1% TFA (6:3:1 v:v:v) mixture. Peptide mass fingerprints (PMFs) were 
obtained on a matrix assisted laser desorption ionization tandem time-of-flight (MALDI 
TOF-TOF) mass spectrometer (Ultraflex II; Bruker Daltonics Inc.). We selected a 
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minimum of six peptides for tandem mass spectrometry in order to obtain information 
about the b- and y-ions of the peptide sequence for use in subsequent protein 
identification.  
Analysis of peptide spectra followed previously published procedures (Tomanek 
& Zuzow, 2010). Accordingly, mass spectra were analyzed with flexAnalysis (version 
3.0; Bruker Daltonics Inc.) by applying the following conditions: TopHat algorithm for 
baseline subtraction, Savitzky-Golay analysis for smoothing (0.2 m/z; number of 
cycles=1) and SNAP algorithm for peak detection (signal-to-noise ratio: 6 for MS and 1.5 
for MS/MS). The charge state of the peptides was assumed to be +1. Porcine trypsin was 
used for internal mass calibration.  
Proteins were identified using Mascot (version 2.2; Matrix Science Inc., Boston, 
MA, USA) by combining PMFs and tandem mass spectra in a search against all 
publically available cnidarian and Symbiodinium sequence databases at the time of the 
study. The cnidarian and Symbiodinium databases used contained expressed sequence 
tags (ESTs) from Acropora millepora (NCBI); Acropora hyacinthus (Palumbi Lab); 
Aiptasia pallida, Anemonia viridis, Acropora palmata, Monastrea faveolata, Porites 
asteroides (last 5 from www.compagen.org); Symbiodinium clades A, B, C, and D 
(Medina Lab); and Vibrio coralliilyticus (NCBI). Predicted protein libraries from 
Acropora digitifera (courtesy Dr. David Stead, Aberdeen Proteomics), Symbiodinium 
clade B1 (marinegenomics.oist.jp), and Pocillopora damicornis 
(http://cnidarians.bu.edu/PocilloporaBase/) were also searched. Once searching specific 
databases, a general search of all Metazoan EST libraries in NCBI was done. We used the 
following search parameters: we chose oxidation of methionine and 
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carbamidomethylation of cysteine as variable modifications, and allowed for one missed 
cleavage during trypsin digestion. For tandem mass spectrometry, we set the precursor-
ion mass tolerance to 0.6 Da. Individual molecular weight search (MOWSE) ion scores 
that indicated significant identity (p<0.05) depended on the database it matched. Our 
search results that were obtained with the EST and protein databases were tested against a 
decoy database (using Mascot) and resulted in no detection of false positives. However, 
we only accepted positive identifications that included two matched peptides regardless 
of the MOWSE score.  
 
Proteomics statistical analysis 
Gel images were digitized and warped to create an average gel image each for the 
Coomassie and SYPRO gel sets, which were used for statistics in Delta2D. Normalized 
spot volumes (NSVs) were analyzed using a one-way analysis of variance (one-way 
ANOVA) with sampling time as the main effect. The one-way ANOVA was based on a 
null distribution that was generated using 1000 permutations of the data, to account for 
any non-normal distributions and unequal variances. A p-value of 0.02 was used to limit 
the false positive discovery rate. Additional post-hoc analyses were conducted using 
Tukey’s honestly significant differences test (p<0.05) in GraphPad Prism (version 7; 
GraphPad Software Inc., La Jolla, CA, USA).  
For the hierarchical clustering analysis of proteins that shared similar expression 
patterns, we used average linking within the statistical tool suite in Delta2D using 
Pearson’s correlation coefficients. Hierarchical clustering was used to generate heat maps 
of the significant proteins with similar expression changes over the diel cycle.  
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Metabolite extraction for untargeted LC-MS analysis 
Coral tissue homogenates collected from four sampling times (“midday” = 
2:40pm, “end-day” = 6:40pm, “midnight” = 2:40am, “end-night” = 6:40am) were used 
for untargeted metabolomics. Previously, (Levy et al., 2011) found that expression 
changes of genes with the strongest diel rhythmicity were maximal around midday or 
midnight. Thus, our aim was to explore whether expression of corresponding metabolites 
peaked around midnight/midday, or at the end of the day/night, due to a potential time lag 
between transcript abundance changes and impacts to downstream biochemical pathways. 
Thus, our comparisons explored changes in metabolite expression across the middle and 
later portions of the day/night.  
For metabolite extraction, frozen tissue homogenates were allowed to thaw for 
several minutes before adding enough ice-cold 100% methanol (MeOH) to make a 4:1 
(v/v) solvent mixture for metabolite extraction. Extracts were sonicated for 30 sec on ice 
to lyse cells and then immediately re-frozen in liquid N2. This cycle of thaw, sonicate, 
and re-freeze was repeated twice more to precipitate proteins. To pellet proteins and other 
insoluble materials, extracts were centrifuged at 13,000 g for 15 minutes at 4°C. The 
supernatant containing the metabolites was collected and evaporated to dryness in a 
speedvac at room temperature. Dried extracts were reconstituted in 200 µL MeOH:H2O 
(1:1, v/v), vortexed and centrifuged for 15 min at 13,000 g and 4°C to remove insoluble 
debris. Supernatants containing the metabolite extracts were collected and stored in 
Eppendorf tubes at -80°C prior to LC-MS analysis. 
 Untargeted LC-MS metabolomics of coral holobiont extracts were conducted at the 
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Center for Mass Spectrometry at The Scripps Research Institute (TSRI) in La Jolla, CA, 
USA. 
 
Untargeted LC-MS analysis 
 Holobiont extracts (containing coral and Symbiodinium) were analyzed on a 6538 
UHD Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC-MS system with dual ESI 
technology (Agilent Technologies) and were first separated using a Luna NH2 column, 
2.0x150 mm (Phenomenex). The mobile phase was composed of A = 20 mM ammonium 
acetate and 40 mM ammonium hydroxide in 95% water and B = 95% acetonitrile (ACN). 
The linear gradient elution from 100% B (0–5 min) to 100% A (25–35 min) was applied 
(A = 95% H2O, B = 95% ACN, with appropriate additives). A 10 min postrun was 
applied to ensure column re-equilibration and to maintain reproducibility. The flow rate 
was 200 µL min-1, and the sample injection volume was 5 µL. The mass spectrometer 
was set to acquire over the m/z range 100–1,000 and operated in negative ion mode. 
Blank runs consisting of MeOH:H2O (1:1, v:v) were run in between each sample to guard 
against carryover.   
 
Untargeted metabolomics data analysis 
Raw LC-MS data were uploaded and processed in XCMS Online 
(https://xcmsonline.scripps.edu), a web-based bioinformatics program for untargeted 
metabolomics data analysis, including peak (“feature”) detection, retention time 
correction, profile alignment, and isotope annotation (Tautenhahn, Patti, Rinehart, & 
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Siuzdak, 2012b). Data were processed using pre-determined parameters for the 
instrument set-up (LC-Q-TOF-MS, negative ion mode).  
For ease of data analysis and interpretation, features were pooled into two groups, 
“day” (n=14 samples) and “night” (n=15 samples), with “day” consisting of the midday 
and end-day time points and “night” consisting of the midnight and end-night time points. 
Pairwise statistics were performed using a Welch’s t-test for unequal variances to identify 
features with relative intensities that differed between day and night and calculate p-
values and fold-changes.  
Features were defined as ions with a unique mass-to-charge ratio (m/z) and 
retention time (RT). Features were searched against the METLIN database 
(https://metlin.scripps.edu), the largest curated database of high-resolution tandem mass 
spectra, for putative identification of metabolites based on matching feature 
characteristics to annotated compounds (Tautenhahn et al., 2012a; Zhu et al., 2013).  
Total ion chromatograms (TICs) of the intensities of all mass spectral peaks 
belonging to the same scan were aligned using nonlinear methods for retention time drifts 
between samples. From corrected TICs, extracted ion chromatograms (EICs) were 
obtained for individual features and used for the relative quantification of features based 
on the area under the curve.  
A “cloud plot” of the significantly dysregulated features whose intensities were 
altered between time points was created (p ≤0.01, fold change ≥1.5) (Patti et al., 2012). 
Pathway analysis was performed by mapping dysregulated features onto biochemical 
pathways using the KEGG small molecules database to obtain a list of “top predicted 
pathways” and “top predicted metabolites” (Benton et al., 2015).  
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Non-metric multidimensional scaling (MDS) of the intensities of all aligned 
features was performed. MDS is a non-linear dimensionality reduction method. MDS 
plots display similarities between samples in a distance matrix, which can be viewed 
from any configuration.  
The cloud and MDS plots and tables of predicted metabolites and pathways were 
exported directly from XCMS Online, and the tables were reformatted in Microsoft Excel.  
 
Results  
Untargeted proteomics  
6% of proteins from the Coomassie gels (Figure 5.2; 17/288 proteins) and 15% of 
proteins from the SYPRO gels (Figure 5.4; 43/286 proteins) significantly changed over 
the diel cycle (1000 permutations ANOVA, p<0.02). See Figures 5.3 & 5.5 for 
hierarchically clustered heat maps of significant proteins from Coomassie and SYPRO 
gels, respectively. 
25% and 14% of proteins of proteins from the Coomassie and SYPRO gels, 
respectively, were identified by matching peptide sequences to the databases based on the 
identification criteria mentioned above. Changes in specific coral and Symbiodinium 
proteins of interest are discussed in more detail below.  
Of the subset of proteins that changed significantly over the diel cycle (1000 
permutations ANOVA, p<0.02), seven coral proteins and eight Symbiodinium were 
identified.  
The significant coral proteins were involved in metabolism (1 protein), 
cytoskeleton (3), protein transport (and putative antimicrobial function) (1), protein 
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activity regulation (1), protein polymerization/cell adhesion (additional putative role in 
coral calcification) (1), and a putative antioxidant pathway (1).  
Coral metabolism: ATP synthase subunit beta was significantly higher at the end 
of the night compared to the end of the day (one-way ANOVA, p<0.05) (Figure 5.6A). 
The beta subunit is one of five subunits making up the catalytic portion of ATP synthase, 
which catalyzes the synthesis of ATP at the end of oxidative phosphorylation using the 
electrochemical proton gradient across the inner mitochondrial membrane. The 
production at ATP via ATP synthase requires aerobic conditions.  
Coral cytoskeleton: Two actin proteins both exhibited significant peaks at the 
beginning of the night (compared to 6:40pm and 2:40am) (Figure 5.7A-B), while F-actin 
capping protein had a significant reduction in expression at 10:40pm (compared to 
10:40am and 2:40pm) (one-way ANOVA, p<0.05) (Figure 5.7C). Actins participate in 
diverse cellular processes, including muscle contraction; cell structure, motility, division, 
and division; and vesicle movement. While the role of actin in corals is unclear, two 
actin-encoding genes were found in corals that have sequence similarity to cytoplasmic 
actins (Fukuda, Imagawa, Iwao, Horiguchi, & Watanabe, 2002). 
Coral protein transport: A 56 kDa selenium-binding protein had significantly 
higher expression at two time points at night (10:40pm and 6:40am) compared to the end 
of the day (6:40pm) (one-way ANOVA, p<0.05) (Figure 5.8A). In the anemone Aiptasia, 
two 56 kDa selenium-binding protein clusters were overexpressed in symbiotic anemone 
compared to aposymbiotic conspecifics (Oakley et al., 2016). The role of the 56 kDa 
selenium-binding protein is unknown, but recombinant 56 kDa protein expressed in 
Escherichia coli (isolated from bovine brain cytosol) showed significant intra-Golgi 
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protein transport activity (Porat, Sagiv, & Elazar, 2000). Thus, 56 kDa selenium-binding 
protein in corals may be involved in intra-Golgi protein transport.  
Coral protein activity regulation: Na+/H+ exchange regulatory cofactor (NHE-
RF2) was generally lower during the day and higher at night, with a significant difference 
between midnight (2:40am) and mid-day (2:40pm) (Figure 5.8B) (one-way ANOVA, 
p<0.05). NHE-RF2 is a scaffold protein that connects plasma membrane proteins with 
members of the ezrin/moesin/radixin family and thereby helps to regulate their surface 
expression. It is also necessary for cAMP-mediated phosphorylation, which regulates 
many cellular processes. cAMP levels have been shown to be extremely high in corals 
and exhibit a diel activity pattern (Barott et al., 2013).  
Coral protein polymerization: A zona pellucida (ZP) domain-containing protein 
precursor generally had lower expression lower during the day than at night, with a 
significant difference between midday (2:40pm) and end-day (6:40pm) (Figure 5.8C) 
(one-way ANOVA, p<0.05). ZP domain-containing proteins vary tremendously in their 
functions, but they are generally believed to play roles in protein polymerization or cell 
adhesion, as they tend to be present in filaments. In corals, a ZP domain-containing 
protein has been detected in the soluble organic matrix, where it is expected to play a role 
in calcification (Ramos-Silva et al., 2013). 
Coral putative antioxidant activity: The expression of choloylglycine hydrolase 
family protein was significantly higher at 6:40pm than at 2:40pm and 6:40am (Figure 
5.8D) (one-way ANOVA, p<0.05). Choloylglycine hydrolases belong to a class of 
enzymes called conjugated bile acid hydrolases, which cleave non-peptide carbon-
nitrogen bonds. This enzyme has been found in the proteome of the coral Acropora 
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microphthalma (Weston et al., 2015); in addition, expression of choloylglycine hydrolase 
transcripts has been reported in the coral Acropora millepora (Hayward et al., 2011). In 
bacteria, choloylglycine hydrolases can hydrolyze glycocholic acid to glycine and cholic 
acid, the latter of which has known antioxidant activity (DeLange & Glazer, 1990). While 
the exact physiological role of choloylglycine hydrolase in corals is still unclear, it is 
hypothesized to play an antioxidant role during recovery from stress, supplementing more 
common antioxidants such as superoxide dismutase and catalase (Weston et al., 2015).  
 The eight Symbiodinium proteins with significant diel expression differences were 
involved in photosynthesis (6 proteins), stress response (1), and fatty acid metabolism 
(1).  
Symbiodinium photosynthesis: Six significant photosynthesis-related proteins had 
different diel expression patterns from each other. One chloroplast light harvesting (LHC) 
protein exhibited significantly lower levels at midnight (2:40am) compared to end-night 
(6:40am) (one-way ANOVA, p<0.05), and the other LHC protein showed significantly 
higher levels in the morning (10:40am) compared to midday (2:40pm) (Figure 5.9A-B) 
(one-way ANOVA, p<0.05). In general, LHCs are multi-protein complexes found near 
photosystems that help absorb and direct incoming light energy to photosystems, thereby 
enhancing photosynthesis.  LHC proteins bind chlorophyll and carotenoid pigments in the 
LHC complexes. Dinoflagellate LHC proteins primarily bind chlorophyll c and peridinin 
or fucoxanthin, and possess many LHC subfamilies. Symbiodinium spp. C3 was recently 
found to have 11 LHC sequences, indicating a high degree of diversity of genes encoding 
LHC proteins in Symbiodinium (Boldt, Yellowlees, & Leggatt, 2012).  
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Elongation factor Tu (EF-Tu) (chloroplast) showed a significant increase in 
expression from midnight (2:40am) to the end of the night (6:40am) (Figure 5.9C) (one-
way ANOVA, p<0.05). In maize, the recombinant precursor of chloroplast EF-Tu 
exhibits chaperone activity and prevents heat-labile proteins, such as citrate synthase and 
malate dehydrogenase, from thermal aggregation (Rao, Momcilović, Kobayashi, 
Callegari, & Ristic, 2004). Because chloroplast EF-Tu is highly conserved (see (Ristic, 
Momcilović, Fu, Callegari, & DeRidder, 2007), it may also play a role in thermal 
tolerance in Symbiodinium.  
Two ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) large subunit 
precursor proteins showed significant peaks during midday and end-day (Figure 5.9D-E) 
(one-way ANOVA, p<0.05). RuBisCO catalyzes the rate-limiting step in carbon fixation, 
and it is thus important in regulating photosynthetic rates and sugar production by the 
Symbiodinium. RuBisCO is therefore important in ensuring availability of sugars to the 
coral host. Genes encoding Symbiodinium RuBiSCO as well as RuBiSCO enzyme 
activity in isolated Symbiodinium have been found to be similar to those from bacterial 
Form II RuBiSCO (Lilley, Ralph, & Larkum, 2010; Rowan, Whitney, Fowler, & 
Yellowlees, 1996). RuBiSCo from cultured Symbiodinium (originally isolated from the 
giant clam Tridacna maxima) was found to be thermally sensitive (Lilley et al., 2010).  
Glutamate semialdehyde synthase had a significant reduction in expression at the 
beginning of the night (10:40pm) compared to all other times (Figure 5.9F) (one-way 
ANOVA, p<0.05). While the exact role of glutamate semialdehyde synthase is unclear, it 
may catalyze a step in the porphyrin synthesis, the pathway leading to chlorophyll 
biosynthesis in plants. In barley, it was shown that glutamate 1-semialdehyde is the 
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immediate precursor of δ-aminolevulinate in the porphyrin pathway (Houen, Gough, & 
Kannangara, 1983). Biochemical studies are needed to confirm the putative role of 
glutamate semialdehyde synthase in the early stages of chlorophyll production in 
Symbiodinium.  
Symbiodinium stress response: Mitochondrial 60 kDa heat shock protein (HSP) 
was significantly higher at 2:40am compared to 10:40am and 2:40pm (Figure 5.10A) 
(one-way ANOVA, p<0.05). HSPs are molecular chaperones that aid in cell damage 
repair. An HSP homolog has been proposed to protect the photosynthetic apparatus from 
thermal denaturation in transgenic Arabidopsis plants (Salvucci, 2008).  
Fatty acid metabolism: Enoyl acp reductase expression was significantly lower at 
10:40pm compared to 2:40pm and 6:40pm (Figure 5.10B) (one-way ANOVA, p<0.05). 
Enoyl acp reductase is a key enzyme in fatty acid synthesis (type II). The gene for enoyl 
ACP reductase has been found in dinoflagellates (Kohli, John, Van Dolah, & Murray, 
2016). Symbiodinium-produced fatty acids have been shown to be an important source of 
lipids in corals, across various coral taxa and feeding modes (Teece, Estes, Gelsleichter, 
& Lirman, 2011).  
Aerobic and anaerobic metabolism: Expression of proteins involved in aerobic 
and anaerobic metabolic pathways were also examined, in order to link changes in 
enzyme activity (Chapter 2) to changes in protein amount in the same coral samples.  
Eight coral proteins and seven Symbiodinium proteins involved in aerobic and 
anaerobic energy production were identified. In corals, two proteins involved in aerobic 
metabolism were found: mitochondrial ATP synthase subunit beta and mitochondrial 
isocitrate dehydrogenase (NADP+), both of which are involved in oxidative 
  
163 
phosphorylation. As previously mentioned, ATP synthase subunit beta was significantly 
higher at the end of the night compared to the end of the day, implying higher capacity 
for aerobic ATP production at the end of the night (Figure 5.6A). Isocitrate 
dehydrogenase (NADP+) did not exhibit significant changes in protein expression across 
the diel cycle (Figure 5.6B) (one-way ANOVA, p<0.05). In Chapter 2, I found that 
activity of citrate synthase (CS) was significantly higher at the end of the night compared 
to the beginning of the day (one-way ANOVA, p<0.05); however, I did not detect CS 
protein using untargeted proteomics.  
Six coral glycolytic proteins were identified: three glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) proteins (Figure 5.11A-C), and three potential isoforms of 
fructose bisphosphate aldolase (Figure 5.11D-F). Abundances of these proteins were 
highly variable at the different sampling times, but there were no significant differences 
in their expression over the diel cycle. We did not detect any proteins matching malate 
dehydrogenase, or strombine dehydrogenase, which we found to be important for coral 
energy metabolism in Chapters 2-4.  
 In Symbiodinium, two proteins involved in aerobic metabolism and two in 
anaerobic metabolism were found. ATP synthase beta subunit and malate dehydrogenase 
were detected and are involved in anaerobic energy pathways (Figure 5.12). Two 
fumarate reductases were also found (Figure 5.13A-B), which is an enzyme that 
anaerobically converts fumarate to succinate. Additionally, three glycolytic proteins, 
triosephosphate isomerase, GAPDH, and plastid C1 class II fructose bisphosphate 
aldolase, were identified in Symbiodinium (Figure 5.13C-E). There were no significant 
differences in expression of any of the aerobic or anaerobic metabolism-related proteins 
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over the diel cycle (Figure 5.12 & 5.13) (one-way ANOVA, p<0.05).  
For lists of all coral and Symbiodinium proteins identified in the Coomassie and 
SYPRO gels, refer to Tables 5.1 & 5.2, respectively. 
 
Untargeted metabolomics 
Untargeted metabolomics of the pooled “day” and “night” coral samples detected 
a total of 19,538 isotopic features. 388 (~2%) of these features were significantly 
differentially expressed between day and night at our defined statistical threshold (p 
≤0.01; fold change ≥1.5) (Figure 5.14). The subset of the significant features with 
maximum peak intensity ≥5000 (146 features) were more closely examined: 24 (16%) 
were significantly up-regulated at night versus the day, and 122 (84%) were significantly 
down-regulated at night versus the day. 105 (72%) of the significant features had putative 
matches to MS/MS data in the METLIN database. Non-metric MDS of metabolite feature 
data showed similarities between most of the day and night samples (short matrix 
distances), except for four nighttime samples, which showed dissimilarities from each 
other and all other samples (Figure 5.15). The higher amount of dissimilarities within 
night samples could be due to the physiology of corals being more variable at night 
compared to the day.  
Based on mapping features to annotated metabolites and KEGG pathways, there 
were 20 “top metabolite predictions” (Table 5.3) and 28 significant predicted pathways 
(Table 5.4). Eight of the 20 top predicted metabolites mapped to aerobic and anaerobic 
energy pathways. Those predicted metabolites (and their pathways, in parentheses) were: 
D-threo-isocitrate (glyoxylate cycle); linoleate and α-linolenate (fatty acid metabolism); 
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α-ketoglutarate, arginosuccinic acid, L-aspartate, and thiamin diphosphate (TCA cycle); 
and D-gluconate 6-phosphate (pentose phosphate pathway) (Table 5.3). While the 
network analysis used to predict the top 20 predicted metabolites does not allow us to 
determine the direction of differential expression of these putative metabolites, the 
network analysis results are useful for producing a list of top candidate features for 
subsequent targeted LC-MS/MS identification of the putative metabolites.  
Of the significant predicted pathways (Table 5.4), there were three pathways 
related to aerobic and anaerobic metabolism: the TCA cycle, malate-aspartate shuttle, and 
pentose phosphate cycle.  
TCA cycle: All five of the sample isotopic features that overlapped with the TCA 
cycle were down-regulated at night (Table 5.4) (p-value = 0.0386). The TCA cycle is the 
main aerobic energy pathway in many eukaryotes, where it occurs in the mitochondrial 
matrix. The down-regulation in the putative TCA cycle pathway at night suggests there 
may be a down-regulation of aerobic metabolic rates at night in corals. In Chapter 2, we 
found that activity of the rate-limiting enzyme, CS, is significantly higher at night than 
the day; however, in vitro enzyme activities reflect maximum enzyme rates, not 
instantaneous fluxes through the pathway. Thus, we proposed that higher CS activity at 
night could actually be due to an up-regulation of CS protein synthesis at night. CS 
protein might get degraded or damaged during the day, and as it plays a major role in 
aerobic metabolism, require replenishment of protein stocks at night. CS is a heat-labile 
protein (Rao et al., 2004), and one potential source of daily degradation is from thermal 
stress, as corals tend to inhabit warm, shallow reef environments.  
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Malate-aspartate shuttle: All four isotopic features that mapped to the malate-
aspartate shuttle went down at night, indicating a down-regulation of fluxes through the 
malate-aspartate shuttle at night compared to the day (Table 5.4) (p-value = 0.0012). In 
the malate-aspartate shuttle, cytosolic MDH catalyzes the formation of (S)-malate, which 
gets imported into the mitochondrial matrix and converted back into oxaloacetate by 
mitochondrial MDH. In the process, electrons are transferred across the mitochondrial 
inner membrane to re-oxidize NADH produced in the cytosol during glycolysis to NAD+. 
It is one of the most important shuttles for cytosolic NADH reoxidation in vertebrate 
muscles under aerobic conditions, and it produces approximately 3 molecules of ATP per 
molecule of cytosolic NADH. This pathway also describes aspartate biosynthesis and 
degradation. In Chapter 2, I found that MDH activity did not significantly change over 
day and night; however, the MDH activity assays reflect maximum enzymatic potential 
of both cytosolic and mitochondrial MDH isoforms combined and cannot provide 
information about instantaneous enzymatic rates. 
Pentose phosphate pathway: There were two significant ionic features that 
mapped to the pentose phosphate pathway (Table 5.4) (p-value = 0.0045); one feature 
was significantly higher during the day than night, while the other feature exhibited the 
opposite expression pattern, making it difficult to predict net differences in the activity of 
this pathway between day and night.   
While pooling “day” and “night” data made analyses easier, it also potentially 
masked finer-scale changes in diel physiology. Thus, we performed additional pathway 
activity predictions comparing just the end-night (6:40am) and end-day (6:40pm). We 
created our own pathway predictions independent of the XCMS Online analysis platform, 
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based on mapping the significant features from the end-day and end-night to known 
anaerobic and anaerobic pathways (Figure 5.16). Accordingly, we predict a down-
regulation of oxidative glucose breakdown, glycolysis, TCA cycle, and serine 
metabolism at the end-night compared to end-day, and an up-regulation in anaerobic 
succinate/propionate production pathway, AMP de novo biosynthesis, and glyoxylate 
cycle at the end-night compared to end-day. The results of our predicted metabolism 
pathway map suggest there may have been a coordinated down-regulation of aerobic 
metabolic pathways, starting with a decrease in sugar breakdown (due to lack of 
photosynthesis); however, these predictions are based on putative metabolites and require 
identification through MS/MS spectral matching.  
Future investigations should also explore the roles of the pentose phosphate 
pathway and glyoxylate cycle in corals. The pentose phosphate pathway is an alternative 
to glycolysis for the oxidation of glucose and is coupled to NADPH generation. NADPH 
molecules are important reducing equivalents for biochemical reactions. The potential 
significance of the pentose phosphate pathway to coral energy production is currently 
unknown; however, there is evidence it may play a role in producing ultraviolet-
protective compounds called mycosporine-like amino acids (MAAs). In addition to being 
“natural biological sunscreens,” MAAs have demonstrated antioxidant behaviors through 
scavenging reactive oxygen species (ROS) and suppressing oxidative damage (reviewed 
in (Rosic & Dove, 2011).  It was recently demonstrated in a cyanobacterium that an 
intermediate of the pentose phosphate pathway (sedoheptulose 7-phosphate) is converted 
to the MAA shinorine, in a four-enzyme pathway ((Balskus & Walsh, 2010). Genetic 
analysis of Acropora digitifera indicates that the coral host likely carries out de novo 
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synthesis of MAAs, as opposed to their Symbiodindium or associated bacteria (Shinzato 
et al., 2011). 
A cyanobacteria gene cluster involved in converting pentose phosphate pathway 
intermediates to MAAs was found in a coral and an anemone genome, lending support to 
the capacity of cnidarians to synthesize MAAs (Shinzato et al., 2011). However, it is 
unknown whether MAAs found in symbiotic cnidarians are produced by the host, 
Symbiodinium, or both (Rosic & Dove, 2011). 
The glyoxylate cycle is a modification of the TCA cycle found primarily in plants, 
bacteria, protists, and fungi, with the exception of cnidarians (Kondrashov, Koonin, 
Morgunov, Finogenova, & Kondrashova, 2006). The glyoxylate cycle utilizes five of the 
TCA cycle enzymes including citrate synthase and malate dehydrogenase, in addition to 
isocitrate lyase and malate synthase, to convert acetyl CoA to malate, bypassing the 
decarboxylation steps of the TCA cycle. Malate then gets exported to the cytoplasm for 
gluconeogenesis. The glyoxylate cycle allows for the synthesis of glucose from various 
sources, such as acetate (from fatty acids) and aspartate, by first converting them into 
acetyl-CoA before entering the cycle (Kornberg & Madsen, 1958). Both enzymes unique 
to the glyxoylate cycle have been found to be present in the transcriptome of corals 
(Meyer et al., 2009), and their expression has been shown to be responsive to heat stress 
and bleaching in Acropora palmata (DeSalvo, Sunagawa, Voolstra, & Medina, 2010). An 
additional role of the glyoxylate cycle in supplying energy anaerobically at night for coral 
skeletal extension was proposed by (Wooldridge, 2013).  The glyoxylate pathway could 
be an alternative anaerobic energy production pathway for corals when their supply of 
photosynthetic sugars from Symbiodinium is limited, such as at night or during coral 
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bleaching. The glyoxylate cycle could be an alternative way for corals to tap into and 
utilize their large stores of lipid bodies.   
 
Discussion 
The overall goal of this study was to apply the rapidly developing but presently 
underutilized fields of untargeted proteomics and metabolomics to investigate diel 
rhythms of coral physiology. Because previous transcriptomic studies in corals have 
shown daily variations in gene transcripts, primarily related to photosynthesis, 
respiration, calcification, and antioxidants (Bertucci et al., 2015; Hoadley et al., 2011; 
Levy et al., 2011; Ruiz-Jones & Palumbi, 2015; 2017), another objective was to compare 
daily expression patterns of proteins and metabolites to gene expression patterns 
described by previous studies.  
Overall, a relatively small proportion of the coral proteome (~6-15%), and 
metabolome (~2%) significantly differed between day and night. Diel fluctuations in 
gene expression across thousands of transcripts affect only ~2% of genes, in both field-
sampled corals (Ruiz-Jones & Palumbi, 2015) and laboratory-sampled corals (Levy et al., 
2011). The modest amount of significant changes in the coral transcriptome, proteome, 
and metabolome between day and night may reflect stability of most cellular and 
physiological processes, apart from a small subset that does change dramatically, which 
are likely those processes most sensitive to the extreme changes in light and O2 
availability between day and night.  
 A second aim of this study was to use the findings from Chapters 2 & 3 as a 
framework for testing hypotheses about the changes in proteins and metabolites involved 
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in aerobic and anaerobic metabolism. However, the risk of taking an untargeted approach 
in –omics studies is not finding what you are looking for. In our case, we only found 
malate dehydrogenase in our proteomics results, but it belonged to Symbiodinium and not 
the coral host. However, we found other proteins and putative metabolites involved in 
aerobic and anaerobic pathways.  
 Predictive pathway analysis (generated in XCMS Online and our own mapping) 
was a useful and promising tool for predicting changes in activity of physiological 
pathways. The pathway analyses predicted decreases in aerobic metabolism and increases 
in anaerobic metabolism, with 84% of the significantly differentially expressed 
metabolite features being down-regulated at night. 
 Various coral species have been found to exhibit significantly lower dark 
respiration rates than light respiration rates (Chapter 3; Kühl et al., 1995; Schrameyer et 
al., 2014). The down-regulation of proteins and metabolites at night compared to the day 
may reflect overall lower metabolism of corals at night. The proteins that were 
significantly down-regulated at night (at one or more time points at night compared to the 
day), were involved in photosynthesis and fatty acid synthesis in Symbiodinium, and the 
cytoskeleton and a putative antioxidant pathway in corals.  
In testing the feasibility of performing complementary untargeted –omics studies 
in corals, I encountered some of the major challenges described previously (Meyer & 
Weis, 2012).  Firstly, the paucity of cnidarian genetic and annotated transcriptomic 
databases creates a major bottleneck for protein and metabolite identifications. There are 
also inherent challenges in comparing large and complex datasets, even when 
identification rates are low, like in this study. The development of user-friendly 
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bioinformatics tools such as XCMS Online are making it easier. Additionally, actual 
identification of metabolites requires subsequent targeted MS/MS metabolomics using 
authentic chemical standards, which can be costly and time consuming, especially if the 
goal is to identify multiple metabolites.  
While there are still many challenges to collecting and interpreting untargeted 
metabolomics and proteomic data in corals, they are both promising tools for use in 
cnidarian studies.  Advantages of using untargeted profiling techniques include the global 
detection of large-scales changes, the generation of testable hypotheses for future studies, 
and possible discovery of new compounds/proteins/pathways. In our untargeted studies, 
we found a variety of proteins and putative compounds/pathways with little to no prior 
evidence of their existence in cnidarians. For example, the possible presence of a pentose 
phosphate pathway and glyoxylate shunt in corals should be explored further, as these 
pathways could help explain changes in aerobic and anaerobic capacity in corals 
observed in Chapters 2, 3, & 4.  
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Figures 
            pH 3                  ~pH 7      pH 10 
 
Figure 5.1: Fusion image of all Coomassie and SYPRO Ruby stained 2D gels. 
Composite image of Coomassie gels in dark blue (isoelectric focusing: pH 3-10) overlaid 
with composite image of SYPRO gels in orange (isoelectric focusing: pH 4-10). The gel 
sets overlap on the left half of the image (~pH 3-7). Proteins from both gel sets were used 
in the statistical analyses to maximize the number of coral and Symbiodinium proteins 
represented in our study.  
 
 
 
 
 
 
 
 
  
173 
               pH 3                       pH 10     
 
Figure 5.2: Fusion image of Coomassie 2D gels (n=30) created in Delta 2D. The first 
dimension (isoelectric focusing) was run at pH 3-10. The numbered arrows indicate 17 
proteins that significantly changed over the diel sampling period (1000 permutations 
ANOVA, p<0.02).  
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Figure 5.3: Heat map of significant proteins from Coomassie gels (pH 3-10) (1000 
permutations ANOVA, p<0.02). Fold-change is shown by color, with bluer shades 
indicating down-regulation (max. fold-change in negative direction: -2.10) and yellower 
shades indicating up-regulation (max. fold-change in positive direction: +4.43). Columns 
represent coral samples taken at each of the 6 time points (starting at 6:40am), and rows 
represent individual protein spots. White dotted lines separate clusters of proteins that 
shared similar expression patterns according to hierarchical clustering analysis (average 
linking using Pearson’s correlation coefficients).  
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   pH 4                    pH 7 
 
Figure 5.4: Fusion image of SYPRO 2D gels (n=38) created in Delta 2D. The first 
dimension (isoelectric focusing) was run at pH 4-7. The numbered arrows indicate 43 
proteins that significantly changed significantly over the diel sampling period (1000 
permutations ANOVA, p<0.02).  
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Figure 5.5: Heat map of significant proteins from SYPRO (pH 4-7) gels (1000 
permutations ANOVA, p<0.02). Fold-change is shown by color, with bluer shades 
indicating down-regulation (max. fold-change in negative direction: -2.58) and yellower 
shades indicating up-regulation (max. fold-change in positive direction: +5.53). Columns 
represent coral samples taken each of the 6 time points (starting at 6:40am), and rows 
represent individual protein spots. White dotted lines separate clusters of proteins that 
shared similar expression patterns according to hierarchical clustering analysis (average 
linking using Pearson’s correlation coefficients).  
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Figure 5.6: Coral proteins involved in aerobic metabolism. Normalized protein spot 
volumes (NSVs) of (A) ATP synthase subunit beta (mitochondrial) and (B) isocitrate 
dehydrogenase (NADP+; mitochondrial), which were identified in the coral proteome 
using untargeted 2D-gel and mass spectrometry-based methods. Graphs show mean 
NSVs (± SEM) of individual proteins over a diel cycle. There were no significant 
differences in expression of these proteins over the diel cycle (one-way ANOVA, 
p<0.05).  
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Figure 5.7: Significant proteins involved in coral cytoskeleton. Normalized protein 
spot volumes (NSVs) of (A-B) two actin proteins and (C) an F-actin capping protein, 
which were identified in the coral proteome using untargeted 2D-gel and mass 
spectrometry-based methods. Graphs show mean NSVs (± SEM) of individual proteins 
over a diel cycle. Significant differences in protein expression between time points are 
indicated by asterisks (one-way ANOVA, p<0.05).  
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Figure 5.8: Other significant coral proteins. Normalized protein spot volumes (NSVs) 
of (A) 56 kDa selenium binding protein; (B) Na+/H+ exchange regulatory cofactor, NHE-
RF2; (C) zona pellucida domain containing protein precursor; and (D) choloylglycine 
hydrolase family protein, which were identified in the coral proteome using untargeted 
2D-gel and mass spectrometry-based methods. Significant differences in protein 
expression between time points are indicated by asterisks (one-way ANOVA, p<0.05).   
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Figure 5.9: Significant Symbiodinium photosynthesis-related proteins. Normalized 
protein spot volumes (NSVs) of (A-B) two chloroplast light harvesting proteins; (C) 
elongation factor Tu (chloroplast); (D-E) two RuBisCO large subunit precursor proteins; 
and (F) glutamate semialdehyde synthase, which were identified in the Symbiodinium 
proteome using untargeted 2D-gel and mass spectrometry-based methods. Significant 
differences in protein expression between time points are indicated by asterisks (one-way 
ANOVA, p<0.05).  
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Figure 5.10: Other significant Symbiodinium proteins. Normalized protein spot 
volumes (NSVs) of (A) mitochondrial 60 kDa heat shock protein and (B) enoyl acp 
reductase, which were identified in the coral proteome using untargeted 2D-gel and mass 
spectrometry-based methods. Graphs show mean NSVs (± SEM) of individual proteins 
over a diel cycle. Significant differences in protein expression between time points are 
indicated by asterisks (one-way ANOVA, p<0.05).   
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Figure 5.11: Coral proteins involved in glycolysis. Normalized protein spot volumes 
(NSVs) of (A-C) three glyceraldehyde-3-phosphate dehydrogenase (GAPDH) proteins, 
and (D-F) three fructose bisphosphate aldolase proteins, which were identified in the coral 
proteome using untargeted 2D-gel and mass spectrometry-based methods. Graphs show 
mean NSVs (± SEM) of individual proteins over a diel cycle. There were no significant 
differences in expression of these proteins over the diel cycle (one-way ANOVA, 
p<0.05). 
 
10
41
14
41
18
41
22
41
02
41
06
41
0.45
0.50
0.55
0.60
0.65
0.70
0.75
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.15
0.20
0.25
0.30
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.0
0.1
0.2
0.3
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.20
0.25
0.30
0.35
0.40
0.45
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.20
0.25
0.30
0.35
0.40
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.0
0.1
0.2
0.3
0.4
Time (hr:min)
N
SV
A B
C D
E F
  
183 
 
Figure 5.11: Coral proteins involved in glycolysis, Continued.  
 
 
 
 
 
 
 
 
10
41
14
41
18
41
22
41
02
41
06
41
0.45
0.50
0.55
0.60
0.65
0.70
0.75
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.15
0.20
0.25
0.30
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.0
0.1
0.2
0.3
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.20
0.25
0.30
0.35
0.40
0.45
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.20
0.25
0.30
0.35
0.40
Time (hr:min)
N
SV
10
41
14
41
18
41
22
41
02
41
06
41
0.0
0.1
0.2
0.3
0.4
Time (hr:min)
N
SV
A B
C D
E F
  
184 
 
 
Figure 5.12: Symbiodinium proteins involved in aerobic metabolism. Normalized 
protein spot volumes (NSVs) of (A) ATP synthase beta subunit and (B) malate 
dehydrogenase, which were identified in the Symbiodinium proteome using untargeted 
2D-gel and mass spectrometry-based methods. Graphs show mean NSVs (± SEM) of 
individual proteins over a diel cycle. There were no significant differences in expression 
of these proteins over the diel cycle (one-way ANOVA, p<0.05). 
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Figure 5.13: Symbiodinium proteins involved in anaerobic metabolism and 
glycolysis. Normalized protein spot volumes (NSVs) of (A-B) two fumarate reductase 
proteins, (C) triosephosphate isomerase, (D) glyceraldehyde-3-phosphate dehydrogenase, 
and (E) plastid C1 class II fructose bisphosphate aldolase, which were identified in the 
Symbiodinium proteome using untargeted 2D-gel and mass spectrometry-based methods. 
Graphs show mean NSVs (± SEM) of individual proteins over a diel cycle. There were 
no significant differences in expression of these proteins over the diel cycle (one-way 
ANOVA, p<0.05). 
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Figure 5.13: Symbiodinium proteins involved in anaerobic metabolism and 
glycolysis, Continued.  
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Figure 5.14: Cloud plot of the significantly dysregulated ionic features in coral 
holobiont samples from day and night. 388 proteins were significantly dysregulated 
between day and night, at the statistical thresholds of p ≤0.01 and fold change ≥1.5. 
Features that were significantly up-regulated at night are shown as green circles on top of 
the plot, and features that were significantly down-regulated at night are shown as red 
circles on the bottom of the plot, plotted by to their unique retention time (min, x-axis) 
and mass-to-charge ratio (m/z, y-axis). Larger circles correspond to peaks with greater 
(log) fold changes, and brighter shades of color circles represent lower p-values. 
Retention time-corrected total ion chromatograms (TICs) are shown in gray in the plot 
background. Circles representing features with putative matches to known compounds in 
the METLIN database have a black outline.  
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Figure 5.15: Non-metric multidimensional scaling (MDS) plot of the untargeted 
metabolomics data from “day” and “night” samples. Greater distances between the 
data points indicate higher degrees of dissimilarity between isotopic features. Coral 
samples collected during the “day” are shown as red circles, and sampled from “night” 
are shown as blue circles.  
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Figure 5.16: Predicted metabolic pathway map. I mapped significant putative 
metabolites from the end-day (6:40pm) and end-night (6:40am) time points and onto 
known aerobic and anaerobic metabolic pathways. Predicted metabolites in red boxes 
were significantly down-regulated at the end-night compared to end-day, and predicted 
metabolites in green boxes were significantly up-regulated at the end-night compared to 
end-day. Fold-changes (in parentheses) are shown next to each putative metabolite. The 
lower strombine (with *) at 6:40pm vs 6:40am was found in the targeted LC-MS/MS 
study in Chapter 2.  
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Table 5.1: Protein names and information from SYPRO gels. The names of all coral 
and Symbiodinium proteins identified in the SYPRO gels, their estimated protein 
molecular weight (kDa) and isoelectric point, and the GenBank ID are presented. Proteins 
were identified based on pre-defined selection criteria (in Methods). Cells shaded in gray 
indicate proteins that exhibited significant changes in diel expression (1000 permutations 
ANOVA, p<0.02). Proteins that are listed more than once were identified in different gel 
spots, and therefore may be protein isoforms. Significant proteins with an asterisk next to 
their name indicate those for which show expression profiles in subsequent figures.  
 
Protein name Organism MW (kDa) 
(estimated) 
pI 
(estimated
) 
GenBank ID 
56kDa selenium binding 
protein* 
coral 52350.65 5.12 gi|386118315|
AFI99105.1 
ATP synthase subunit beta, 
mitochondrial* 
coral 55241.05 5.21 gi|283046836|
NP_00116436
1.1 
actin* coral 28691.3 5.2 gi|53829574|A
AU94666.1 
actin* coral 28691.3 5.2 gi|53829574|A
AU94666.1 
choloylglycine hydrolase family 
protein* 
coral 37002.02 5.83 gi|505166304|
WP_01535340
6.1 
F-actin capping protein subunit 
alpha* 
coral 32668.16 5.28 gi|386642754|
CCH23112.1 
guanine nucleotide binding 
protein beta 2 
coral 26701.47 9.48 gi|85720025|A
BC75581.1 
chloroplast light harvesting 
complex protein* 
Symbiodinium  50143.73 6.34 gi|58613553|A
AW79363.1 
chloroplast light harvesting 
complex protein* 
Symbiodinium  50143.73 6.34 gi|58613553|A
AW79363.1 
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Table 5.1: Protein names and information from SYPRO gels, Continued. 
ribulose 1,5-bisphosphate 
carboxylase oxygenase large 
subunit precursor* 
Symbiodinium  22664 4.64 gi|11545461|A
AG37859.1 
elongation factor Tu 
(chloroplast)* 
Symbiodinium  44626.96 5.12 gi|116266132|
ABJ91304.1 
glutamate semialdehyde 
synthase* 
Symbiodinium  49113.02 5.88 gi|193890955|
ACF28631.1 
enoyl-acp reductase* Symbiodinium  32750.67 5.06 gi|219112359|
XP_00217793
1.1 
Haem peroxidase domain 
containing protein 
coral 157915.58 7.32 gi|560120030|
CDJ95346.1 
Haem peroxidase domain 
containing protein 
coral 157915.58 7.32 gi|560120030|
CDJ95346.1 
endonuclease III coral 25195.39 9.27   
TPA: fluorescent protein 2 coral 25995.94 8.3 gi|383872166|
FAA00739.1 
beta gamma crystallin isoform 9 coral 19100.37 6.07   
Zona pellucida domain 
containing protein precursor 
coral 45677.36 4.92 gi|667467224|
G8HTB6.1 
pseudouridylate synthase coral 28363.83 9   
alpha-tubulin coral 28462.39 5.03 gi|633873207|
AHZ58482.1 
alpha-tubulin coral 28462.39 5.03 gi|633873207|
AHZ58482.1 
beta-tubulin coral 27786.57 4.81 gi|126697464|
ABO26689.1 
beta-tubulin coral 27786.57 4.81 gi|126697464|
ABO26689.1 
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gelsolin coral 42071.7 5.22 gi|27528508|C
AC87029.1 
beta-actin coral 26953.4 5.02 gi|452888520|
AGG18260.1 
actin coral 28691.3 5.2 gi|53829574|A
AU94666.1 
choloylglycine hydrolase family 
protein 
coral 37002.02 5.83 gi|505166304|
WP_01535340
6.1 
choloylglycine hydrolase family 
protein 
coral 37002.02 5.83 gi|505166304|
WP_01535340
6.1 
Epididymal secretory protein 
E1 precursor 
coral 16240.38 6.7 gi|225706410|
ACO09051.1 
F-actin capping protein subunit 
alpha 
coral 32668.16 5.28 gi|386642754|
CCH23112.1 
malate dehydrogenase Symbiodinium  43824.36 10.06 gi|58613463|A
AW79318.1 
ribonuclease Z Symbiodinium  33981.28 6.02   
chloroplast oxygen-evolving 
enhancer 
Symbiodinium  34376.4 5.18 gi|500049146|
AGL79736.1 
chloroplast ribulose-1,5-
bisphosphate 
carboxylase/oxygenase large 
subunit 
Symbiodinium  22664 4.64 gi|402829890|
AFR11407.1 
 
 
 
  
193 
Table 5.1: Protein names and information from SYPRO gels, Continued. 
chloroplast ribulose-1,5-
bisphosphate 
carboxylase/oxygenase large 
subunit 
Symbiodinium  22664 4.64 gi|402829890|
AFR11407.1 
ATP synthase beta subunit Symbiodinium  45769.78 4.93 gi|46909239|A
AT06137.1 
Zona pellucida domain 
containing protein precursor 
Symbiodinium  45677.36 4.92 gi|667467224|
G8HTB6.1 
class IVb beta tubulin Symbiodinium      gi|27368062|A
AN87335.1 
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Table 5.2: Protein information from Coomassie gels. The names of all coral and 
Symbiodinium proteins identified in the Coomassie gels, their estimated protein 
molecular weight (kDa) and isoelectric point, and the GenBank ID are presented. Proteins 
were identified based on pre-defined selection criteria. Cells shaded in gray indicate 
proteins that exhibited significant changes in diel expression (1000 permutations 
ANOVA, p<0.02). Proteins that are listed more than once were identified in different gel 
spots, and therefore may be protein isoforms. Significant proteins with an asterisk next to 
their name indicate those for which show expression profiles in subsequent figures. 
 
Protein name Organism MW (kDa) 
(estimated) 
pI 
(estimate
d) 
GenBank ID 
Na(+)/H(+) exchange regulatory 
cofactor NHE-RF2 
Coral 37383.64 4.77 gi|676280939|
KFO34717.1 
ribulose 1,5-bisphosphate 
carboxylase oxygenase large 
subunit precursor  
Symbiodinium 62898.82 6.51 gi|11545461|A
AG37859.1 
mitochondrial 60 kDa heat shock 
protein 
Symbiodinium 62767.65 5.3 gi|40647591|A
AR88509.1 
green fluorescent protein FP497 coral 25881.76 7.76 gi|199581451|
ACH89427.1 
green fluorescent protein FP497 coral 25881.76 7.76 gi|199581451|
ACH89427.1 
green fluorescent protein FP497 coral 25881.76 7.76 gi|199581451|
ACH89427.1 
C-type lectin protein coral 66517.96 4.83 gi|734543359|
KHN72314.1 
Isocitrate dehydrogenase 
[NADP], mitochondria 
coral 44301.35 6.84 gi|675371903|
KFM64805.1 
heat shock cognate protein 70 coral 29909.05 5.62 gi|399932045|
AFP57558.1 
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heat shock protein 78 coral 73225.76 4.99 gi|601125143|
AHN82526.1 
heat shock cognate protein 70 coral 29909.05 5.62   
beta-tubulin coral     gi|126697464|
ABO26689.1 
actin coral 28691.3 5.2 gi|53829574|A
AU94666.1 
Severin coral 41828.63 5.64 gi|405954824|
EKC22157.1 
gelsolin coral     gi|401712728|
AFP99097.1 
actin coral 28691.3 5.2 gi|53829574|A
AU94666.1 
choloylglycine hydrolase family 
protein 
coral 41429.78 5.02 gi|505166304|
WP_01535340
6.1 
choloylglycine hydrolase family 
protein 
coral 41429.78 5.02 gi|505166304|
WP_01535340
6.1 
glutamine synthetase coral 41648.18 6.19 gi|39986051|A
AR36878.1 
nematoblast-specific protein 
nb012b 
coral 33864.11 7.07 gi|223047701|
ACM79891.1 
germ cell-less coral     gi|40603343 
Guanine nucleotide-binding 
protein subunit beta 
coral 40563.57 6.24 gi|576697619|
EUB61160.1 
fructose-bisphosphate aldolase coral 23134.01 6.9 gi|469664341|
AGH70125.1 
fructose-bisphosphate aldolase coral 23134.01 6.9 gi|469664341|
AGH70125.1 
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fructose-bisphosphate aldolase coral 23134.01 6.9 gi|469664341|
AGH70125.1 
glyceraldehyde-3-phosphate 
dehydrogenase 
coral 35780.07 6.18 gi|119655542|
ABL86142.1 
glyceraldehyde-3-phosphate 
dehydrogenase 
coral 35780.07 6.18 gi|119655542|
ABL86142.1 
glyceraldehyde-3-phosphate 
dehydrogenase 
coral 35780.07 6.18 gi|119655542|
ABL86142.1 
guanine nucleotide binding 
protein beta 2 
coral 34812.41 7.66 gi|85720025|A
BC75581.1 
voltage-dependent anion selective 
channel protein 2 
coral 30973.48 8.74 gi|459353929|
AGG55392.1 
voltage-dependent anion selective 
channel protein 2 
coral 30973.48 8.74 gi|459353929|
AGG55392.1 
Sushi, von Willebrand factor type 
A, EGF and pentraxin domain 
containing protein 1  
coral 31389.36 7.97 gi|675364517|
KFM57419.1 
TPA: fluorescent protein 2 coral 25995.94 8.3 gi|383872166|
FAA00739.1 
TPA: fluorescent protein 2 coral 25995.94 8.3 gi|383872166|
FAA00739.1 
TPA: fluorescent protein 2 coral 25995.94 8.3 gi|383872166|
FAA00739.1 
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TPA: fluorescent protein 2 coral 25995.94 8.3 gi|383872166|
FAA00739.1 
serum albumin precursor coral 69248.44 5.82 gi|30794280|N
P_851335.1 
Niemann-Pick C 2 Like coral 14689.34 4.8 gi|571272607|
CDJ55918.1 
cytoplasmic actin coral 41789.82 5.3 gi|303306184|
ADM13664.1 
Zona pellucida domain containing 
protein precursor 
coral 45677.36 4.92 gi|667467224|
G8HTB6.1 
Zona pellucida domain containing 
protein precursor 
coral 45677.36 4.92 gi|667467224|
G8HTB6.1 
lamin Symbiodinium     gi|4886558|C
AB43352.1 
alpha-tubulin Symbiodinium 50188.63 4.9 gi|303306188|
ADM13666.1 
class IVb beta tubulin Symbiodinium       
fumarate reductase Symbiodinium 43251.85 8.44 gi|378404947|
AFB82439.1 
fumarate reductase Symbiodinium 43251.85 8.44 gi|378404947|
AFB82439.1 
FMN-linked oxidoreductase Symbiodinium 38786.64 5.27 gi|636772771|
XP_00808855
9.1 
FMN-linked oxidoreductase Symbiodinium 38786.64 5.27 gi|636772771|
XP_00808855
9.1 
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ribulose 1,5-bisphosphate 
carboxylase oxygenase large 
subunit precursor  
Symbiodinium 62898.82 6.51 gi|11545461|A
AG37859.1 
ribulose 1,5-bisphosphate 
carboxylase oxygenase large 
subunit precursor  
Symbiodinium 62898.82 6.51 gi|11545461|A
AG37859.1 
ribulose 1,5-bisphosphate 
carboxylase oxygenase large 
subunit precursor  
Symbiodinium 62898.82 6.51 gi|11545461|A
AG37859.1 
gelsolin Symbiodinium 41996.86 6.29 gi|325197162|
NP_00119142
5.1 
triosephosphate isomerase Symbiodinium 26900.07 6.61 gi|312086704|
XP_00314518
2.1 
glyceraldehyde-3-phosphate 
dehydrogenase 
Symbiodinium 37758.22 6.52 gi|35210448|B
AC87920.1 
chloroplast ferredoxin-NADP{+) 
reductase  
Symbiodinium 45008.4 6.96 gi|58613455|A
AW79314.1 
plastid C1 class II fructose 
bisphosphate aldolase 
Symbiodinium 49046.64 5.85 gi|56112313|A
AV71135.1 
chloroplast ferredoxin-NADP{+) 
reductase 
Symbiodinium 45008.4 6.96 gi|58613455|A
AW79314.1 
chloroplast light harvesting 
complex protein 
Symbiodinium 50143.73 6.34 gi|58613553|A
AW79363.1 
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chloroplast oxygen-evolving 
enhancer 
Symbiodinium 34376.4 5.18 gi|500049146|
AGL79736.1 
chloroplast oxygen-evolving 
enhancer 
Symbiodinium 34376.4 5.18 gi|500049146|
AGL79736.1 
chloroplast oxygen-evolving 
enhancer 
Symbiodinium 34376.4 5.18 gi|500049146|
AGL79736.1 
chloroplast soluble peridinin 
chlorophyl la-binding protein 
precursor 
Symbiodinium 38016.73 8.81 gi|356591670|
AET21266.1 
chloroplast soluble peridinin 
chlorophyl la-binding protein 
precursor 
Symbiodinium 38016.73 8.81 gi|356591670|
AET21266.1 
Zona pellucida domain containing 
protein precursor 
Symbiodinium 45677.36 4.92 gi|667467224|
G8HTB6.1 
RecName: Full=Peridinin-
chlorophyll a-binding protein, 
chloroplastic; Short=PCP; Flags: 
Precursor 
Symbiodinium 37826.53 6.61 gi|1709613|P5
1874.1 
RecName: Full=Peridinin-
chlorophyll a-binding protein, 
chloroplastic; Short=PCP; Flags: 
Precursor 
Symbiodinium 37826.53 6.61 gi|1709613|P5
1874.1 
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RecName: Full=Peridinin-
chlorophyll a-binding protein, 
chloroplastic; Short=PCP; Flags: 
Precursor 
Symbiodinium 37826.53 6.61 gi|1709613|P5
1874.1 
RecName: Full=Peridinin-
chlorophyll a-binding protein, 
chloroplastic; Short=PCP; Flags: 
Precursor 
Symbiodinium 37826.53 6.61 gi|1709613|P5
1874.1 
RecName: Full=Peridinin-
chlorophyll a-binding protein, 
chloroplastic; Short=PCP; Flags: 
Precursor 
Symbiodinium 37826.53 6.61 gi|1709613|P5
1874.1 
chloroplast soluble peridinin-
chlorophyll a-binding protein 
precursor [Symbiodinium 
kawagutii] 
Symbiodinium 38016.73 8.81 gi|356591670|
AET21266.1 
chloroplast soluble peridinin-
chlorophyll a-binding protein 
precursor [Symbiodinium 
kawagutii] 
Symbiodinium 38016.73 8.81 gi|356591670|
AET21266.1 
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Table 5.3: Top metabolite predictions. Names of top putative metabolites, the pathways 
in which they are involved, the m/z of the mapped features and their adduct forms, and 
the molecular weight of the putative metabolite and m/z differences between the feature 
adducts and the putative metabolite are shown. “Top predicted metabolites” were 
considered the features that significantly matched to the METLIN database and mapped 
to known pathway(s) in the KEGG database.  
 
Putative metabolite 
name 
Involved 
pathway(s) 
m/z of detected 
features 
Adducts MW (at top) 
and m/z 
differences  
5-
Phosphoribosylamine 
purine 
biosynthesis  
    230.0429633 
    250.008438 M+Na-2H[-] -0.001972 
    211.023695 M-H2O-H[-] -0.001392 
    229.036619 M-H[-] 0.000932 
    211.023799 M-H2O-H[-] -0.001287 
    265.013576 M+Cl[-] 0.001713 
    229.037237 M-H[-] 0.00155 
    193.015105 M-2H2O-H[-] 0.000619 
    250.00818 M+Na-2H[-] -0.00223 
    211.026673 M-H2O-H[-] 0.001586 
    193.013295 M-2H2O-H[-] -0.001192 
    265.012247 M+Cl[-] 0.000384 
    211.024251 M-H2O-H[-] -0.000836 
D-threo-isocitrate glycoxylate cycle      192.0270026 
    173.009017 M-H2O-H[-] -0.000109 
    191.018165 M-H[-] -0.001561 
    173.008951 M-H2O-H[-] -0.000175 
    211.992586 M+Na-2H[-] -0.001864 
    191.018317 M-H[-] -0.00141 
    211.992646 M+Na-2H[-] -0.001803 
    191.018055 M-H[-] -0.001671 
    211.992524 M+Na-2H[-] -0.001926 
    191.018191 M-H[-] -0.001535 
α-
carboxyethylhydroxy
chroman 
α-tocopherol 
(vitamin E) 
degradation 
    278.1518092 
 
  
202 
Table 5.3: Top metabolite predictions, Continued.  
   323.14798 M+HCOO[-] -0.001475 
    323.147444 M+HCOO[-] -0.00201 
    323.147979 M+HCOO[-] -0.001475 
    323.148192 M+HCOO[-] -0.001262 
    277.146342 M-H[-] 0.001809 
    323.147987 M+HCOO[-] -0.001467 
    277.141946 M-H[-] -0.002587 
Linoleate Fatty acid 
metabolism 
    280.2402303 
    339.251875 M+CH3COO[-] -0.00165 
    261.220446 M-H2O-H[-] -0.001907 
    339.250646 M+CH3COO[-] -0.002879 
    279.231137 M-H[-] -0.001816 
    139.111736 M-2H[2-] -0.001103 
    279.23112 M-H[-] -0.001833 
    279.231274 M-H[-] -0.00168 
    279.231564 M-H[-] -0.00139 
Adenosine 
monophosphate 
(AMP) 
RNA production; 
various metabolic 
pathways 
    347.0630843 
    346.053601 M-H[-] -0.002207 
    346.054146 M-H[-] -0.001662 
    310.037487 M-2H2O-H[-] 0.00288 
    367.028568 M+Na-2H[-] -0.001964 
    346.054133 M-H[-] -0.001675 
    310.033844 M-2H2O-H[-] -0.000764 
    328.044194 M-H2O-H[-] -0.001013 
    346.054149 M-H[-] -0.001658 
    346.054169 M-H[-] -0.001639 
α-linolenate Fatty acid 
metabolism 
    278.2245802 
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    337.23485 M+CH3COO[-] -0.003025 
    277.215363 M-H[-] -0.00194 
    277.215231 M-H[-] -0.002072 
    277.215349 M-H[-] -0.001955 
    277.215286 M-H[-] -0.002018 
    337.235579 M+CH3COO[-] -0.002296 
    277.215741 M-H[-] -0.001562 
    259.205159 M-H2O-H[-] -0.001545 
    259.206044 M-H2O-H[-] -0.00066 
    323.219381 M+HCOO[-] -0.002844 
α-ketoglutarate TCA cycle     146.0215233 
    191.018055 M+HCOO[-] -0.001113 
 
  191.018165 M+HCOO[-] -0.001003 
   127.002767 M-H2O-H[-] -0.00088 
    205.034207 M+CH3COO[-] -0.000611 
    191.017806 M+HCOO[-] -0.001363 
    127.002759 M-H2O-H[-] -0.000888 
    205.034403 M+CH3COO[-] -0.000416 
    127.002756 M-H2O-H[-] -0.000891 
    191.018191 M+HCOO[-] -0.000977 
    145.013364 M-H[-] -0.000883 
    145.013622 M-H[-] -0.000625 
    145.013243 M-H[-] -0.001003 
    145.013442 M-H[-] -0.000805 
    205.033721 M+CH3COO[-] -0.001097 
    191.018317 M+HCOO[-] -0.000852 
    205.034256 M+CH3COO[-] -0.000562 
7α-Hydroxy-4-
cholesten-3-one 
Bile acid 
biosynthesis, 
neutral pathway 
    400.3341307 
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  459.344416 M+CH3COO[-] -0.003009 
   445.32887 M+HCOO[-] -0.002906 
    445.332538 M+HCOO[-] 0.000762 
    381.317946 M-H2O-H[-] 0.001691 
    399.33045 M-H[-] 0.003596 
    399.328305 M-H[-] 0.001451 
 (3R,5S)-1-pyrroline-
3-hydroxy-5-
carboxylate  
Arginine and 
proline 
metabolism 
    129.0425931 
    128.034635 M-H[-] -0.000682 
    128.034455 M-H[-] -0.000862 
    128.034514 M-H[-] -0.000803 
    188.055909 M+CH3COO[-] 0.000021 
    128.03454 M-H[-] -0.000777 
    128.034356 M-H[-] -0.00096 
    128.034612 M-H[-] -0.000704 
    188.054715 M+CH3COO[-] -0.001173 
    164.010859 M+Cl[-] -0.000634 
    128.034495 M-H[-] -0.000822 
    128.034507 M-H[-] -0.000809 
    128.03471 M-H[-] -0.000607 
    188.055244 M+CH3COO[-] -0.000644 
    174.040066 M+HCOO[-] -0.000172 
    128.034518 M-H[-] -0.000798 
    188.054973 M+CH3COO[-] -0.000915 
Argininosuccinic acid TCA cycle; urea 
cycle 
    292.1382844 
    145.060719 M-2H[2-] -0.001146 
    145.060705 M-2H[2-] -0.00116 
    291.128714 M-H[-] -0.002294 
    273.118089 M-H2O-H[-] -0.002319 
13'-hydroxy-α-
tocopherol 
α-tocopherol 
(vitamin E) 
metabolism 
    446.3759955 
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    445.365819 M-H[-] -0.0029 
    445.366147 M-H[-] -0.002572 
    445.365327 M-H[-] -0.003392 
L-aspartate Protein 
biosynthesis; 
TCA cycle; urea 
cycle; 
neurotransmitter
; DNA 
metabolism 
    134.0453328 
    154.01281 M+Na-2H[-] 0.00003 
    154.011303 M+Na-2H[-] -0.001477 
    154.012865 M+Na-2H[-] 0.000085 
    169.01345 M+Cl[-] -0.000783 
 5'-α-
carboxylmethylbutyl
hydroxychroman 
α-tocopherol 
(vitamin E) 
degradation 
    320.1987594 
    319.192915 M-H[-] 0.001433 
    379.213475 M+CH3COO[-] 0.00142 
    365.195042 M+HCOO[-] -0.001362 
    365.195211 M+HCOO[-] -0.001193 
    365.194981 M+HCOO[-] -0.001423 
    379.208379 M+CH3COO[-] -0.003675 
    355.170665 M+Cl[-] 0.003005 
    319.189168 M-H[-] -0.002315 
    365.195322 M+HCOO[-] -0.001083 
    365.194897 M+HCOO[-] -0.001508 
 D-gluconate 6-
phosphate 
Pentose 
phosphate 
pathway 
    276.0246331 
    275.017694 M-H[-] 0.000338 
    295.993875 M+Na-2H[-] 0.001795 
    275.017825 M-H[-] 0.000468 
  L-saccharopine Lysine 
metabolism 
    278.1477864 
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    277.141946 M-H[-] 0.001436 
    277.140923 M-H[-] 0.000413 
    241.117761 M-2H2O-H[-] -0.001549 
    323.148192 M+HCOO[-] 0.002761 
    323.147444 M+HCOO[-] 0.002013 
    323.147987 M+HCOO[-] 0.002556 
    323.14798 M+HCOO[-] 0.002548 
    277.138879 M-H[-] -0.001631 
    277.138529 M-H[-] -0.001981 
    323.147979 M+HCOO[-] 0.002548 
    337.159058 M+CH3COO[-] -0.002023 
    313.116032 M+Cl[-] -0.000655 
    313.113591 M+Cl[-] -0.003096 
    323.144867 M+HCOO[-] -0.000564 
    277.141706 M-H[-] 0.001196 
Thiamin diphosphate TCA cycle      425.0449677 
    424.034614 M-H[-] -0.003077 
    484.055712 M+CH3COO[-] -0.002551 
    460.014945 M+Cl[-] 0.001077 
α-ketoglutaramate Putative roles in 
glutamine 
metabolism; 
ammonia 
detoxification 
(found in human 
brain) 
    145.0375077 
    126.019012 M-H2O-H[-] -0.00062 
    204.051371 M+CH3COO[-] 0.000568 
    126.018816 M-H2O-H[-] -0.000815 
    204.049543 M+CH3COO[-] -0.001259 
    144.029131 M-H[-] -0.0011 
5-formamido-1-(5-
phospho-D-ribosyl)-
imidazole-4-
carboxamide 
Inosine-5'-
phosphate 
biosynthesis  
    366.0576646 
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    401.025672 M+Cl[-] -0.000893 
    329.030812 M-2H2O-H[-] 0.001624 
    329.028476 M-2H2O-H[-] -0.000713 
    425.068024 M+CH3COO[-] -0.002935 
    386.023843 M+Na-2H[-] -0.001268 
    401.023847 M+Cl[-] -0.002717 
    329.028394 M-2H2O-H[-] -0.000794 
    425.068276 M+CH3COO[-] -0.002684 
4-α-hydroxymethyl-
5-α-cholesta-8,24-
dien-3-β-ol 
Cholesterol 
biosynthesis 
    414.3497807 
    449.320259 M+Cl[-] 0.001578 
    449.318958 M+Cl[-] 0.000277 
    473.364809 M+CH3COO[-] 0.001734 
    413.342924 M-H[-] 0.00042 
    449.32314 M+Cl[-] 0.00446 
    413.342991 M-H[-] 0.000487 
    459.344416 M+HCOO[-] -0.003009 
 N-(3-
Chlorobenzoyl)glycin
e  
 
Unknown      213.0192708 
    212.012554 M-H[-] 0.00056 
    247.99002 M+Cl[-] 0.001849 
    247.990107 M+Cl[-] 0.001936 
 
 
 
 
 
 
  
208 
Table 5.4: Significant predicted metabolic pathways. Names of predicted pathways, 
the overlap size (number of significantly dysregulated features found in pathway), 
pathway size (total number of putative metabolites found in pathway), raw p-value, and 
adjusted p-value are shown. Significant predicted pathways were determined by mapping 
dysregulated features onto biochemical pathways using the KEGG small molecules 
database.  
 
Pathway 
Overlap 
size 
Pathway 
size 
p-value 
(raw) p-value 
asparagine biosynthesis 4 7 0.0024 0.0007 
α-tocopherol degradation 3 4 0.0034 0.0008 
aspartate biosynthesis 3 4 0.0034 0.0008 
malate-aspartate shuttle 3 6 0.0145 0.0012 
citrulline-nitric oxide cycle 3 6 0.0145 0.0012 
urea cycle 3 6 0.0145 0.0012 
asparagine degradation 3 7 0.0236 0.0014 
icosapentaenoate biosynthesis II 
(metazoa) 2 2 0.0095 0.0018 
γ-linolenate biosynthesis 2 2 0.0095 0.0018 
thiamin salvage III 2 3 0.0265 0.0029 
zymosterol biosynthesis 3 12 0.1038 0.0043 
L-serine degradation 2 4 0.0497 0.0045 
pentose phosphate pathway 
(oxidative branch) 2 4 0.0497 0.0045 
bile acid biosynthesis,  neutral 
pathway 4 23 0.1795 0.0062 
fatty acid α-oxidation 2 5 0.0776 0.0067 
adenine and adenosine salvage I 2 5 0.0776 0.0067 
bupropion degradation 2 7 0.1433 0.0133 
lysine degradation I (saccharopine 
pathway) 2 7 0.1433 0.0133 
4-hydroxybenzoate biosynthesis 2 7 0.1433 0.0133 
adenosine ribonucleotides de novo 
biosynthesis 2 7 0.1433 0.0133 
adenosine nucleotides degradation 2 8 0.1794 0.0179 
inosine-5'-phosphate biosynthesis 2 8 0.1794 0.0179 
tRNA charging 3 20 0.3091 0.0222 
4-hydroxyproline degradation 2 9 0.2166 0.0237 
 
  
209 
Table 5.4: Significant predicted metabolic pathways, Continued. 
5-aminoimidazole ribonucleotide 
biosynthesis 2 9 0.2166 0.0237 
L-carnitine biosynthesis 2 9 0.2166 0.0237 
S-methyl-5-thio-α-D-ribose 1-
phosphate degradation 2 11 0.2924 0.0386 
TCA cycle 2 11 0.2924 0.0386 
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CHAPTER 6: Discussion 
 
In this dissertation, I defined a central anaerobic energy pathway in corals 
(Chapter 2), found differences in the metabolic capacities between several coral species 
in healthy and bleached states (Chapters 3 & 4), and detected daily changes in the coral 
proteome and metabolome (Chapter 5). Throughout, I used cellular and molecular tools 
to examine changes primarily on the protein (expression and activity) and metabolite 
level as indicators of the actual energy status of the cell, which is important for detecting 
short-term changes in coral metabolism during diel cycles and coral bleaching.  Taking a 
broad look, we found that changes in enzyme activity, protein amount, and metabolite 
amount do not necessarily correlate in a 1:1 manner. For example, activity of strombine 
dehydrogenase (SDH) was relatively unchanged between day and night, while strombine 
levels exhibited significant diel changes (Chapter 2). This may be explained by post-
translational modifications (PTM) and protein-protein interactions (PPI), which can 
rapidly modulate protein activity and thereby biochemical fluxes in response to 
environmental stimuli without requiring transcriptional changes (Tomanek, 2014).  It has 
also been shown that gene expression data do not necessarily reflect in vivo rates of 
metabolism such as protein amount and activity (Maier, Güell, & Serrano, 2009), and 
additionally, there may be temporal mismatches between changes in transcript levels and 
actual metabolic pathway adjustments. Thus, caution should be applied when interpreting 
only one type of dataset, and ideally, multiple levels of biological control should be 
examined simultaneously to develop a more holistic picture.  
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Now that we established strombine and alanopine as anaerobic end-products in 
corals, there are many additional questions that can be asked about the roles of anaerobic 
metabolism in corals, and the possibility for the existence of other anaerobic pathways. 
Firstly, our finding in Chapter 2 that strombine production/accumulation in corals 
peaked once during the morning and once in the early evening raises the possibility of 
dual energetic roles of this glycolytic branch-point during anaerobic and aerobic 
conditions in corals. In the mussel Mytilus edulis, strombine was also found to 
accumulate during the early onset of hypoxia and again during the first several hours of 
aerobic recovery (de Zwaan, de Bont, Zurburg, Bayne, & Livingstone, 1983).  de Zwaan 
et al. (1983) posit that the energy demands of post-hypoxic recovery in mussels are too 
high for aerobic metabolism to meet alone. The existence of a post-hypoxic debt 
following nighttime hypoxia in corals can be tested by following O2 consumption rates 
during the night and in the morning, and observing a sharp increase in O2 consumption 
immediately following nightly hypoxia/anoxia when aerobic conditions return. Whether 
the production of strombine in corals during the day is due to a post-hypoxic energy debt 
being repaid through elevated rates of aerobic and anaerobic energy production, or 
whether strombine plays a different physiological role in corals during the day, is worth 
further exploration.  
In this dissertation, I also provide evidence that corals contain other anaerobic 
energy pathways, in addition to strombine and alanopine production. In the untargeted 
metabolomics study in Chapter 5, we found that corals contain putative metabolites in 
the glyoxylate cycle, pentose phosphate pathway, and anaerobic pathway leading to 
succinate/propionate. Previous studies have shown that cnidarians contain genes 
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encoding for enzymes in the glyoxylate cycle (isocitrate lyase and malate synthase) 
(Brady, Snyder, & Vize, 2011) (Polato, Altman, & Baums, 2013) (Kocharova et al., 
2009), which is an ancient modification to the TCA cycle that metabolizes acetate into 
acetyl-CoA under anaerobic conditions, bypassing the TCA steps. The glyoxylate cycle 
and fermentation are sometimes coupled together, such as in flooded rice seedlings (Lu, 
Wu, & Han, 2005), thus, this pathway could be operating in tandem with strombine 
production in corals. (Wooldridge, 2013) proposed that corals couple ethanolic 
fermentation and the glyoxylate cycle to create energy at night, driven by night-time 
hypoxia; however, ethanol production in corals has not been shown. Future studies 
should examine the possibility that corals utilize the glyoxylate cycle and ethanolic 
fermentation at night, in addition to undergoing fermentation leading to strombine and 
alanopine production.  
In Chapters 2, 3, and 4, I found that there are species-specific effects of coral 
bleaching on changes to aerobic and anaerobic metabolic capacity, which has 
implications for the fate of coral reefs, as up-regulation of anaerobic pathways could help 
compensate for the reduction in O2 and an autotrophic carbon supply during bleaching. In 
addition, previous studies have shown that some coral species can rely more on 
heterotrophy when bleached, which is thought to underlie their ability to recover faster 
from bleaching. Future studies should explore whether up-regulation of anaerobic energy 
production facilitates bleaching recovery or prolongs survival until conditions improve, 
and how this relates to heterotrophic feeding or tapping into existing energy reserves as 
substrates for fermentation. Studies should also examine the potential for symbiont type 
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shuffling as another mechanism of recovery in some coral species, as the studies in this 
dissertation did not examine this factor.  
Additionally, now that we have established a main anaerobic pathway in corals 
and have estimates of rates of aerobic and anaerobic metabolism in some coral species 
(Chapters 2 & 5), we can expand these datasets for other coral species as well as use 
these data to improve overall energy budget models. Organismal energy budgets describe 
the balance of energy income and energy expenditure and are useful for understanding 
how environmental changes will affect the growth, reproduction, as well as calcification 
for corals, and thus help build predictions for how organisms will fare under different 
conditions. Energy budgets for individual coral species under normal (Al-Horani, Al-
Moghrabi, & de Beer, 2003; Edmunds & Davies, 1986; Falkowski, Dubinsky, Muscatine, 
& Porter, 1984)and stressed (Edmunds & Davies, 1989) conditions have been developed; 
however, they are difficult to construct due to the complexity of the coral obtaining 
nutrition both autotrophically and heterotrophically, as well as missing gaps in our 
understanding of the energy dynamics between Symbiodinium and host, such as whether 
the main type of autotrophic carbon that corals obtain from Symbiodinium is glycerol 
(Muscatine & Cernichiari, 1969) or glucose (Burriesci, Raab, & Pringle, 2012). In 
addition, none of the energy budgets consider a potential role of anaerobic energy 
pathways.   
There are a multitude of growing threats to coral reefs that pose potential 
consequences for coral metabolism, such as global warming, ocean acidification, 
pollution, disease outbreaks, and hypoxia. All of these stresses can result in direct 
changes in substrates that are used in respiration, such as O2  and nutrients. The methods, 
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tools, and questions I employed in this body of work can be applied to the study of the 
effects of these different stressors on coral physiology.  For example, in Chapters 3 and 
4, we found that thermal and menthol bleaching create near-hypoxic conditions in coral 
tissues, which leads to changes in aerobic and anaerobic metabolic capacity in different 
coral species. There are very few studies on the effects of environmental hypoxia (i.e. 
from eutrophication, warming) on coral metabolism. However, hypoxia poses risks to 
coral reefs by causing the surrounding seawater to become O2 replete. A recent study by 
(Altieri et al., 2017) showed two coral species exhibit differential susceptibility to 
mortality during environmental hypoxia in Panama. I propose future studies should 
measure anaerobic capacity in different coral species exposed to the same hypoxic stress, 
in order to determine if the ability to switch to anaerobic metabolism confers hypoxia 
tolerance.  
A deeper understanding of basic coral cellular biology is impeded by the lack of 
genetic information on corals (Meyer & Weis, 2012), the difficulty of maintaining viable 
coral cell cultures, the challenges of applying modern cell biology tools to a thin-tissued 
organism, and the inherent complexities of studying a symbiotic organism (reviewed in 
(Tresguerres et al., 2017). Monitoring coral health proves difficult because of the 
remoteness of many reefs, the lack of sufficient baseline information, and the lack of 
widely accepted indicators of coral health. There is a growing need for development of 
biomarkers of coral health that can be taken to the field, such as quick enzyme assays that 
are cheap and reliable. While there have been some attempts at coral health biomarker 
development (Downs, Mueller, Phillips, Fauth, & Woodley, 2000), they remain in the 
nascent stages and  require further testing before being implemented on a reef-scale. The 
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strombine dehydrogenase assay I optimized for corals (Chapter 2) could potentially be 
used as a field biomarker to rapidly assess the corals’ overall condition, because it 
provides a quick snapshot of the anaerobic capacity of the coral, as was also suggested by 
(Murphy & Richmond, 2016).  
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